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Frontispiece 
A schematic diagram showing the innervation of a muscle spindle from the tenuissimus 
muscle of the cat. See Banks (1991) The distribution of static y-axons in the 
tenuissimus muscle of the cat. Journal of Physiology 442, 489-512 (paper 42). 
Robert William Banks, B. Sc., Ph. D. 
Studies on the Mammalian Muscle Spindle 
D.Sc. 1994 
The subjects of these studies are the major components of the mammalian muscle 
spindle, which is an encapsulated proprioceptor serving to monitor skeletal muscle 
length and length change. Those components are: specialized intrafusal muscle fibres; 
sensory nerve endings that form intimate contacts with the intrafusal fibres; and motor 
nerve fibres by means of which the central nervous system can exercise control over 
the sensitivity of the spindle. 
My first important contribution was to establish the number of types of intrafusal fibre 
(1-8, 11). Their different mechanical properties help to shape the responses of the 
sensory endings in characteristic ways (papers 15 and 42). Detailed reconstructions of 
sensory endings revealed recognizable features of the primary ending that were 
consistently associated with the different intrafusal fibres (10, 13, 18, 20, 33). The sites 
of nerve impulse generation and coding are being studied in relation to the branching 
pattern of the sensory nerve fibres (45, 50, 55). 
Analysis of the innervation of individual spindles has revealed the interplay of random 
and deterministic factors in spindle construction (20, 36, 37, 40, 41, 44, 48, 52, 53). 
As yet it is unknown how the differences that exist between muscles in this respect are 
related to their specific roles in motor control or kinaesthesia. However, reflex activity 
appears to be grossly disturbed in muscles that have been reinnervated following nerve 
section, since functional endings may be formed in inappropriate locations (22, 25, 28-
31,34, 38, 39, 43, 46). 
The motor innervation of the spindle was for long controversial, especially concerning 
the distribution of the different functional categories of axon. I have pursued 
histophysiological and probabilistic approaches to this problem, about which there now 
appears to be a large measure of agreement in favour of my conclusions (9, 12, 19, 21, 
23, 26, 27, 35, 41, 42, 44, 48, 49). 
Papers 1-6 in the following list are based on work that originally formed part of a 
thesis presented in candidature for the degree of Ph. D. in the Faculty of Medicine, 
University of Sheffield. For each full paper of which 1 am a co-author an estimate of 
my contribution to the overall effort is given as a percentage in the list. 
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R.W. Banks (1971) 
Histochemical studies on rabbit intrafusal fibres. 
J.Anat. 108; 613-614. 
Fig. 14 
4 4 . Histochemical studies on rabbit intrafusal fibres. By R . W . B A N K S (introduced by N . T . 
JAMES) . Department of Human Biology and Anatomy, University of Sheffield (Fig. 15) 
Muscle spindles of mammals so far studied contain two types of intrafusal fibre. These 
are identified by the distribution of their nuclei and are termed nuclear bag fibres and nuclear 
chain fibres. It is generally accepted that the rabbit is an exception and contains only nuclear 
bag fibres (Barker & Hunt, Nature, Lond. 203, 1964) . The enzyme histochemical profiles of 
intrafusal fibres were studied in serial cryostat sections of several hind limb muscles of the 
rabbit. Twenty-seven muscle spindles were examined and three types of intrafusal fibre were 
clearly distinguished. These are clearly visible in sections stained for phosphorylase activity 
followed by treatment with iodine (Fig. 15) . T y p e ! fibres stained strongly for myosin ATPase, 
succinic dehydrogenase and phosphorylase activities. The phosphorylase reaction product 
stained purple with iodine. Type I I fibres showed intermediate staining for myosin ATPase 
and succinic dehydrogenase activities but weak staining for phosphorylase. Type I I I fibres 
did not stain for myosin ATPase activity. They showed weak staining for succinic dehydrogenase 
activity but stained strongly for phosphorylase, the reaction product staining brown with 
iodine. In the majority of spindles all three types of intrafusal fibre were present, as in the 
figure. Type I fibres are shorter than either type I I or type I I I fibres. The histochemical profile 
of type I fibres is similar to that of nuclear chain fibres in other species. Similarly type I I and 
type I I I fibres correspond with the two types of nuclear bag fibres present in the rat (Yellin, 
Am. J. Anat. 125, 1969) . 
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R.W. Banks & N.T. James (1971) 
The fine structure of the guinea-pig muscle spindle. 
J. Anat. 110; 161-162. 
Fig. Wb 
4 7 . The fine structure of the guinea-pig muscle spindle. By R . \V. B A N K S and N . T . J A M E S . 
Department of Human Biology and Anatomy, University of Sheffield (Fig. 11) 
Muscle spindles are complex sensory organs found in skeletal muscles. The fine structure of 
those in guinea-pig lumbrical muscles has not previously been described. Serial longitudinal and 
transverse sections of 10 muscle spindles were examined. 
Two types of intrafusal muscle fibre may easily be distinguished in both longitudinal and 
transverse sections. Those with a prominent M line contain large mitochondria and an extensive 
sarcoplasmic reticulum. Those without an M line contain smaller mitochondria (Fig. J1 A ) and 
have a less extensive sarcoplasmic reticulum. These characteristics do not vary in different 
regions of a fibre. Only those fibres without an M line regularly extend beyond the capsule of 
perineural epithelium. 
In the equatorial sensory regions of the muscle fibres there are myofibrils surrounding the 
central nuclei, and these are continuous with myofibrils in the polar regions. Sensory nerve 
endings either assume an irregular form or occur as small annulo-spiral endings. 
Twenty-five motor nerve endings were examined in the polar regions of muscle spindles. They 
are associated with varying degrees of post-junctional folding. Some endings lie directly on the 
muscle fibre without folding of the post-junctional membrane (Fig. 11 B ) . Other endings are 
162 Proceedings of the Anatomical Society of 
associated with moderate folding of the post-junctional membrane (Fig. 11C). In addition there 
are endplates associated with marked folding of the post-junctional membrane which overlie 
greater amounts of sarcoplasm (Fig. 11D). 
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The blood supply of rabbit muscle spindles 
R. W. B A N K S * A N D N. T . J A M E S 
Department of Human Biology and Anatomy, The University, Sheffield S10 277V 
{Accepted 7> November 1972) 
I N T R O D U C T I O N 
Recent physiological investigations have indicated that depolarizing agents may 
enter muscle spindles by means of blood vessels which penetrate the spindle capsule 
(Kidd, Kucera & Vaillant, 1972). Although capillaries can be seen with the light 
microscope in the periaxial spaces of human spindles (Cooper, 1960; Cazzato & 
Walton, 1968), in rat and cat spindles examined with the electron microscope 
(Merrillees, 1960; Landon, 1966; Corvaja, Marinozzi & Pompeiano, 1969) they 
have been seen only in the spindle capsules. A recent electron microscopical study 
of 12 rat spindles (James & Meek, 1971) revealed that only one of the spindles, the 
largest, contained periaxial capillaries, in order to obtain more information on the 
possible occurrence of periaxial capillaries in a common laboratory animal, detailed 
studies were carried out on rabbit spindles. 
M A T E R I A L S A N D M E T H O D S 
Six adult male New Zealand rabbits of average weight 2-5 kg were anaesthetized 
with 60 mg of Nembutal per kg body weight. A single hind limb lumbrical muscle 
was exposed, using a single incision, in each of three rabbits. A tenuissimus muscle was 
similarly exposed in each of the other three rabbits. Each muscle was covered, /// situ, 
with a 3% solution of glutaraldehyde in 0-1 M phosphate buffer at pH 7-3 for 5 
minutes. During this stage of fixation either the digits were dorsiflexed or the hind 
limb was rigidly fixed, as appropriate, to prevent muscle shortening. 
Each muscle was removed from the rabbit and placed in fresh buffered glutar-
aldehyde for 18 hours at 4 °C. The muscle was then transferred to 01 M phosphate 
buffer at pH 7-3 to which sucrose had previously been added to a final concentration 
of 10%. This solution was maintained at 4 °C and was changed 3 times at 2 hourly 
intervals. The muscles were then placed in a 2 % aqueous solution of osmium tetroxide 
for 1 hour at 4 °C, dehydrated in a graded series of ethanol solutions and infiltrated 
with Araldite. Each muscle was then cut transversely into numerous small pieces 
and the Araldite was polymerized. Semi-thin transverse sections, each approximately 
0-5 /<m thick, were cut from each block of muscle, stained on a hot plate with 1 % 
toluidine blue in a 1 % aqueous solution of borax (Pease, 1964), and examined for 
their spindle content. 
Semi-thin and thin transverse sections were cut at regular intervals of 20-30 /tm 
from blocks seen to contain muscle spindles. Thin sections were placed on collodion-
* Present address (and address for correspondence): Department of Histopathology, Charing Cross 
Hospital Medical School, New Charing Cross Hospital, Fulham Palace Road, Fulham, London, W.6. 
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Fig. 1. Transverse section through the equatorial region of a spindle containing seven intrafusal 
muscle fibres. Part of the periaxial space (PS) is visible, in which are two capillaries (C). Note 
the multilayered capsule (cap) and the inner capsule cells (i.e.) which surround the capillaries and 
the intrafusal muscle fibres, x 2780. 
Rabbit spindle capillaries 9 
coated grids and stained for 5 minutes with an aqueous solution of lead citrate 
(Reynolds, 1963). The sections were examined with a Philips EM 200 electron micro-
scope at an accelerating voltage of 60 kV. 
R E S U L T S 
Nineteen muscle spindles were examined. At least one capillary was visible in each 
spindle equatorial region (Fig. 1). Such capillaries have been termed intrafusal 
capillaries. They possessed continuous endothelia devoid of fenestrations (Fig. 2), 
lay freely within the periaxial space, and were longitudinally orientated for most of 
their lengths. Branching and anastomosis of the intrafusal capillaries were frequently 
observed. 
In 70% of spindles each intrafusal capillary was surrounded by a single layer of 
inner capsule cells (Figs. 1, 2). Direct contacts between capillaries and intrafusal 
muscle fibres, similar to those of extrafusal musculature, were never seen. The inner 
capsule cells further separated the capillaries from the intrafusal fibres and the 
sensory nerve endings. Only in 30% of cases were capillaries seen to approach intra-
fusal fibres without a complete surrounding layer of inner capsule cells (Fig. 3). 
The intrafusal capillaries were continuous with those of the spindle polar regions. 
Tn the polar regions of 16 spindles the capillaries were found only between the layers 
of the capsule (Fig. 4). In only three spindles were capillaries found lying close to the 
polar regions of the intrafusal fibres (Fig. 5). 
D I S C U S S I O N 
The present observations clearly indicate that rabbit spindles are highly vascular 
compared with those of other species so far examined. Capillaries rarely penetrate 
the capsules of rat spindles (James & Meek, 1971) and have not been seen in the 
periaxial spaces of guinea-pig spindles (Banks & James, 1972). The presence of 
intrafusal capillaries in only some species may be related to the oxygen and metabolic 
demands of the intrafusal fibres. Rat spindles contain fewer intrafusal fibres than 
rabbit spindles. The spindles of larger animals, which possess numerous intrafusal 
fibres, might be expected to contain intrafusal capillaries, whilst those of small 
animals, which contain few intrafusal fibres, might be expected to lack capillaries. 
Except for human spindles (Cooper, 1960; Cazzato & Walton, 1968) we have been 
unable to find any references to capillaries in the periaxial spaces of muscle spindles. 
The presence of capillaries within spindles may be related to the myoglobin content 
of intrafusal fibres. I t is well known that myoglobin either acts as an oxygen store or 
accelerates the diffusion of oxygen in regions where demand would otherwise exceed 
supply (James, 1971a, 1972). In rat and guinea-pig spindles the large nuclear bag 
fibres contain higher concentrations of myoglobin than the smaller nuclear chain 
fibres. This may be due to the lack of intrafusal capillaries and consequently to a 
relatively poor oxygen supply (James, 19716). In a preliminary histochemical study 
of myoglobin in rabbit spindles (James, 1968) most of the intrafusal fibres showed 
identical staining reactions despite the known wide range of their metabolic activities 
(Barker & Stacey, 1970; Banks, 1971). I t is possible that the presence of intrafusal 
10 R . VV. B A N K S A N D N . T . J A M E S 
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capillaries in the rabbit ensures an adequate oxygen supply and removes the necessity 
for a high concentration of myoglobin in the larger intrafusal fibres. 
The spindle capsule is formed from the perineural epithelium of its nerve supply 
(Shantha, Golarz & Bourne, 1968) and serves as a highly active diffusion barrier 
(Waggener, Bunn & Beggs, 1965; Olsson & Reese, 1971). Curarization of animals -
for example, using Flaxedil (gallamine triethiodide) - blocks intrafusal neuromus-
cular junctions much later than extrafusal neuromuscular junctions, and their 
recovery is similarly delayed (Emonet-Denand & Laporte, 1966; Carli, Diette-Spiff 
& Pompeiano, 1967). It is possible that the delay in blocking is due to the perineural 
epithelial cells which usually intervene between the capillaries and the spindle contents 
(James & Meek, 1971; Banks & James, 1972). I f the rabbit is found to be the only 
common laboratory animal which possesses intrafusal capillaries then it could be a 
most useful animal for studying the pharmacology of muscle spindles. 
S U M M A R Y 
Intrafusal capillaries occur regularly in the periaxial spaces of rabbit muscle 
spindles. They have previously been noted only in the human. 
The occurrence and distribution of intrafusal capillaries in the rabbit have been 
studied using a combination of light and electron microscopy. Typically a single 
capillary was present between the capsule layers of each spindle polar region. In the 
equatorial region the capillary entered the periaxial space to lie approximately 
parallel to the intrafusal muscle fibres. 
The role of the blood supply in relation to oxygen uptake and myoglobin content 
of the intrafusal muscle fibres is discussed. The similarity of the blood supply of 
rabbit and human muscle spindles may be of considerable value in comparative 
pharmacological and physiological studies. 
This work was supported by grants from the Medical Research Council and 
Science Research Council of Great Britain. R. W. Banks acknowledges an M.R.C. 
Studentship. 
Fig. 2. Transverse section of an intrafusal capillary showing the continuous endothelium. The 
capillary is surrounded by inner capsule cells (i.e.). x 9000. 
Fig. 3. Transverse section through the juxta-equatorial region of a spindle showing a capillary 
close to two intrafusal fibres. The inner capsule cells surrounding the capillary do not com-
pletely separate it from the periaxial space (PS), x 3600. 
Fig. 4. Transverse section through the polar region of a spindle showing a capillary (c) in the 
spindle capsule (cap). This is the typical condition in a polar region, x 1880. 
Fig. 5. Transverse section through the polar region of a spindle in which a capillary (c) is present 
within the periaxial space. This condition is less common than that shown in Fig. 4. x 1390. 
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Summary. Nuclear bag and nuclear chain intrafusal fibres are present in guinea-pig 
muscle spindles. Unlike muscle spindles in other species two types of nuclear chain fibre seem 
to be present. The electron microscopical appearance of one type of nuclear chain fibre is 
similar to that of nuclear bag fibres. 
I t is suggested that under tension the nuclei of small nuclear bag fibres become sufficiently 
displaced to form nuclear chain-like fibres. The frequent occurrence of fibres which combine 
some of the properties of both nuclear bag and nuclear chain fibres indicates the possible oc-
currence of a third type of intrafusal fibre. 
The sensory innervation of guinea-pig muscle spindles is similar to that of the cat and 
the rat. Three types of motor nerve ending which could be classified according to the complexi-
ty of their subneural apparatus were seen. 
Key words: Muscle spindle — Guinea-pig — Electron microscopy. 
Introduction 
Mammalian muscle spindles are complex sensory organs which occur exclu-
sively in skeletal muscles. Each contains a number" of narrow striated intrafusal 
muscle fibres, which are enclosed within a capsule of perineurial epithelium. I n 
the equatorial region of the muscle spindle, the capsule is separated from the 
intrafusal fibres by a dilated periaxial space. I t is generally accepted that two 
types of intrafusal fibre can be distinguished according to the distribution of 
their equatorial nuclei (Boyd, 1962). Nuclear bag fibres contain a central group 
of nuclei in their equatorial regions. Nuclear chain fibres contain a single central 
longitudinal row of nuclei in their equatorial regions. 
Usually each spindle is innervated by several motor and sensory nerves. 
Primary sensory nerve endings usualty occur as annulo-spirals wound around 
the equatorial regions of the intrafusal muscle fibres. Usually a single primary 
sensory nerve innervates each spindle. Secondary sensory nerve endings, where 
present, are more irregular in form. The polar regions of the intrafusal muscle 
fibres are innervated by small diameter fusimotor fibres. 
Several descriptions of the fine structure of other mammalian muscle spindles 
are available, e.g. in the cat (Adal, 1969; Corvaja, Marinozzi and Pompeiano, 
1969; Scalzi and Price, 1971), the rat (Hennig, 1969; Landon, 1966; Merrillees, 
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1960; Ovalle, 1971, 1972; Rumpelt and Schmalbruch, 1969) and the clog (Banker 
and Girvin, 1967). Some information is also available for the rabbit (Corvaja 
and Pompeiano, 1970), the tree-shrew (During and Andres, 1969) and man 
(Gruner, 1961; Rumpelt and Schmalbruch, 1969). 
Materials and Methods 
Young male Hartley strain guinea-pigs, of average weight 350 g were kept in cages 50 X 38 
cm for two weeks prior to examination of their spindles. F ive guinea-pigs were kept in each 
cage. 
Anaesthesia was induced and maintained in each guinea-pig with chloroform and a single 
lumbrical muscle of one hind-limb was exposed. E a c h muscle was covered, in situ, with a 3% 
solution of glutaraldehyde in 0.1 M phosphate buffer at p H 7.3 for 5 minutes. During this stage 
of fixation the digits were dorsi-flexed at an angle of 45° to prevent shortening of the sarco-
meres. 
E a c h lumbrical muscle was then removed from the foot and placed in fresh glutaraldehyde 
fixative for 18 hours at 4°C. The muscle was then transferred to 0.1 M phosphate buffer at 
p H 7.3, to which sucrose was added to a final concentration of 10%. This solution was main-
tained at 4°C and was changed 3 times at two hourly intervals. The muscle was then placed 
in a 2% aqueous solution of osmium tetroxide for one hour at 4°C, dehydracled with a graded 
series of ethanol and infiltrated with Araldite. 
E a c h muscle was then cut transversely into four parts and the Araldite was polymerized. 
E a c h resulting block was examined separately, and semi-thin transverse sections, approxi-
mately 0.5 (i.m thick, were cut. The sections were stained with 1% toluidine blue in a 1% 
aqueous solution of borax on a hot-plate (Pease, 1904) and examined for their spindle content. 
Semi-thin and thin transverse sections were cut at intervals of 10 [im or less from blocks 
containing spindles. Some of the blocks were reorientated and thin longitudinal sections were 
placed on collodion coated grids and stained for five minutes with an aqueous solution of 
lead citrate (Reynolds, 1963). The sections were examined with a Philips E M 200 electron 
microscope at an accelerating voltage of GO kV. 
Results 
Capsule and Periaxial Space 
Fifteen muscle spindles were examined. Typically the capsule was composed 
of several alternating layers of perineurial epithelial cells and collagen fibres 
(Fig. 1). Each perineurial epithelial cell was sheet-like, approximately 0.2 u,m 
thick but locally thickened by mitochondria and a flattened nucleus, approxi-
mately 8 x 1 [Lm. The edges of adjacent cells abutted directly or overlapped to a 
Fig. 1. Transverse section through a capsule in the equatorial region of a spindle. A blood 
capillary (6c) may be seen in the capsule wall, which consists of perineurial epithelium {pne) 
and collagen. Within the capsule is a periaxial space {ps) containing a flocculent precipitate 
( X 7 2 0 0 ) 
Fig. 2. Transverse-section through the polar region of a spindle. Large mitochondria are 
present in the smallest intrafusal fibre. The capsule consists of a single layer of perineurial 
epithelium {pne). (x 2860) 
Fig . 3. Transverse section through the equatorial region of a spindle containing a prominent 
periaxial space {ps). Four intrafusal fibres are surrounded by individual sheaths of inner 
capsule cells {ic). I n one fibre part of the nerve ending is completely surrounded by sarco-
plasmic folds. A sensory cross terminal {set) lies in contact with two fibres. (x 1670) 
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Fig . 4. Longitudinal section through the equatorial region of a nuclear bag fibre which pos-
sesses a small nuclear bag. Several cross sections of the primary sensory ending are visible. 
The sensory nerve endings are enclosed within the basement membrane (bm) of the muscle 
fibre. ( x2860) 
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Fig. 5. Longitudinal section in the polar region of an intrafusal muscle fibre which possesses 
faint double M-lines (dM) and small mitochondria. Few triads {t) are visible. ( X 15000) 
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variable extent. Basement membrane was present on the surface of these cells. 
The longer intrafusal muscle fibres passed through the ends of the capsule and 
were inserted into extrafusal perimysium. Single layers of perineurial epithelium 
were present in the polar regions of the capsule (Fig. 2), whilst up to ten layers 
were present in the equatorial regions of the spindle. Individual perineurial 
epithelial cells extended only partly around the equatorial capsule, thus in a 
transverse section through the equatorial region the number of layers of peri-
neurial epithelium varied in different regions around the circumference of a 
capsule. The average number of layers in the spindle equatorial region was 
approximately six. 
Capillaries were present between the layers of perineurial epithelium (Fig. 1). 
Usually a single capillary was visible in each transverse section. Each capillary 
was flattened transversely, measured approximately 10x4u,m and possessed a 
continuous endothelium, typical of muscle capillaries. The capillaries in the 
capsule were always separated from the periaxial space by at least one layer of 
perineurial epithelium. Capillaries were not seen within the periaxial space. 
I n the equatorial region of the spindle, the capsule was separated from the 
intrafusal fibres by a prominent periaxial space of approximately 70 u.m average 
maximum diameter (Figs. 3 and 4). The periaxial space contained a moderately 
electron-dense, flocculent material (Fig. 1). 
Inner capsule cells surrounded the intrafusal muscle fibres in the equatorial 
region of the spindle, separating the muscle fibres from the periaxial space and 
from each other (Fig. 3). The surface of the inner capsule cell was not covered 
by basement membrane. Each cell possessed an approximately oval nucleus 
8x2 u.m in diameter, surrounded by a thin rim of cytoplasm. The cytoplasm 
was extended to form several sheet-like processes. These connected with similar 
processes of the same or other cells to form a single complete laj'er surrounding 
each intrafusal muscle fibre. Occasionally the layer was incomplete due to the 
presence of a nerve fibre passing from one compartment to another (Fig. 3). 
Intrafusal Muscle Fibres 
The spindles contained an average of 4.8 intrafusal muscle fibres, with a 
ininimum of three fibres. Nuclear bag and nuclear chain fibres could clearly be 
differentiated. 
Small nuclear bags (Fig. 4) were seen in the largest fibres. No more than two nu-
clear profiles could be seen in single transverse sections. These nuclei were irregu-
larly shaped, approximately 5 u.m in diameter and the nuclear bag extended 
20-30 \xm along the intrafusal fibre. At each end of the nuclear bag was a myotube 
consisting of a central row of cylindrical nuclei approximately 3 u.m in diameter 
Fig. 6. Longitudinal section in the polar region of an intrafusal muscle fibre which possesses 
single prominentM-lines(ilf) and large mitochondria. Numerous triads (t) can be seen, (x 15000) 
Fig. 7 a and b. Transverse sections of satellite cells possessing prominent nuclei (sen). I n 
(7a) dilated terminal cisternae of sarcoplasmic reticulum (arrowed) are present in a nuclear 
chain fibre possessing single M-lines (X7500) . I n (7b) a satellite cell lies in contact with two 
intrafusal fibres, (x4500) 
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Fig. 8. Reconstructions of the equatorial regions of the intrafusal fibres of two spindles. 
These show the distribution of nuclei and sensory nerve endings (arrowed) visible in semi-thin 
sections. Fibres numbered 1 and 4 in spindle 10 share a sensory cross terminal (SCT). M 
indicates those fibres which possess single prominent M-lines. The other fibres possess faint 
double M-lines 
and up to 10 u,m in length. Faint double M-lines were present in the A-bands 
of the nuclear bag fibres (Fig. 5). Mitochondria were small, rarely exceeding 2 u,m 
in length. They occurred predominantly in the A-band regions. Myofibrils were 
poorly delineated due to the small amount of sarcoplasmic reticulum present. 
A few triads and pentads occured within the A-band regions (Fig. 5). The average 
diameter of this type of fibre, measured at 10 \im intervals over 200 [uii lengths 
of the equatorial regions, was 9 u.m. 
The equatorial nuclei of the nuclear chain fibres were cylindrical in shape, 
approximately 3 u.m in diameter and up to 10 jj.m long. I n the juxta-equatorial 
regions of the nuclear chain fibres the nuclei became more widely separated by 
intervening sarcoplasm with numerous mitochondria. The nuclear chain fibres 
could be differentiated into two types according to their fine structure. The struc-
ture of the first type was similar to that of the nuclear bag fibres with faint double 
M-lines. The second type possessed prominent single M-lines (Fig. 6). Mitochondria 
were long, often extending up to 6 u,m in length. The sarcoplasmic reticulum formed 
conspicuous networks in the regions of the Z-lines. Triads and pentads were much 
more numerous than in the nuclear bag fibres and the nuclear chain fibres with 
faint double M-lines. They usually occurred within the A-band regions. Glycogen 
was abundant in sarcoplasm and was often associated with the sarcoplasmic 
reticulum. The average diameter of the nuclear chain fibres, measured at 10 u.rn 
intervals over 200 u.rn lengths of the equatorial regions, was 6 u,m. 
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Fig . 9. Transverse section of a motor nerve ending. A prominent nucleated (nsci) sole-plate 
is present. There is marked folding in the post-junction membrane. The nerve terminals 
(arrowed) are covered by Schwann cells (S). ( x9000) 
Myofilaments were present between the equatorial nuclei and the plasma-
lemma of each intrafusal fibre (Fig. 4). I n transverse section they could be seen 
as an annular sheet surrounding a central core of nuclei. They were continuous 
with the polar myofilaments but were not grouped into distinct myofibrils, due 
to the small amount of sarcoplasmic reticulum present. 
Dilated terminal cisternae of the sarcoplasmic reticulum occurred in each type 
of fibre (Fig. 7). They occurred most frequently in the nuclear chain fibres with 
prominent single M-lines. Dilated terminal cisternae have also been described in 
rat intrafusal fibres (James and Meek, 1970; Ovalle, 1971). 
I n each spindle at least one nuclear chain fibre possessing prominent single 
M-lines was present, while at least one nuclear chain fibre possessing faint double 
M-lines and usually one nuclear bag fibre were also present (Fig. 8). 
Satellite cells were present between the plasmalemma and basement membrane 
of each type of intrafusal muscle fibre (Figs. 7 a and b and 10 b). They were ap-
proximately 3 u,m in diameter and 10 \im long and their long axes lay parallel to 
the axes of the parent fibres. They contained a small amount of cytoplasm with 
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abundant ribosomes and rough endoplasmic reticulum and were found in all 
regions of the spindle. Occasionally two intrafusal muscle fibres shared a single 
satellite cell, wi th a continuous basement membrane surrounding all three cells 
(Fig. 7b). 
Innervation 
Nerve endings were seen in the equatorial regions of the spindles (Figs. 3 and 
4). The membranes of the nerve endings and the underlying intrafusal muscle 
fibres were separated by a gap approximately 20 nm wide, without an intervening 
basement membrane. However, the free surfaces of the nerve endings were 
covered by basement membrane continuous wi th that of the intrafusal muscle 
fibres. These nerve endings were assumed to be sensory. They often occupied small 
troughs i n the surfaces of the intrafusal muscle fibres (Fig. 4). Occasionally parts 
of the nerve endings were seen to be completely surrounded by folds of the intra-
fusal fibres (Fig. 3). 
The fo rm of the nerve endings was determined by reconstructing serial 0.5 jj.m 
sections. Regular spirals of endings overlay the nuclear bags and the mid-regions 
of the nuclear chains (Figs. 3 and 4), while more irregular branched endings, often 
wi th terminations lying parallel to the axis of the intrafusal fibre, occured on 
either side of the spirals (Fig. 3). Four examples of sensory cross terminals, which 
cross-link two intrafusal fibres (Adal, 1969) were found (e.g. Fig. 3). Three oc-
curred between pairs of nuclear chain fibres wi th prominent single M-lines. The 
four th occurred between a nuclear bag fibre and a nuclear chain fibre wi th single 
M-lines. Fig. 8 is a diagram of the equatorial regions of spindles reconstructed 
f rom 0.5 \im toluicline blue stained sections taken at intervals of 10 (u.m. Regions 
of sensory nerve endings and their positions relative, to the equatorial nuclei of 
the intrafusal muscle fibres are shown. 
Nerve endings seen in the polar regions of the spindles differed f rom those of 
the equatorial regions. They contained membrane-bounded vesicles about 35 nm in 
diameter (Fig. l i b ) . The pre-junctional and post-junctional membranes were at 
least 60 nm apart. Intervening basement membrane was clearly visible and con-
tinuous wi th that of the intrafusal muscle fibres. These nerve endings were assumed 
to be motor. Twentyfive such endings were observed on the polar regions of 
twentytwo intrafusal muscle fibres. There was a wide variation i n the morpho-
logy of the motor nerve endings. 
Fig . 10. Longitudinal section of a motor nerve ending lying on a nuclear chain fibre which 
possesses single M-lines. A nucleated sole-plate is present but is less prominent than that in 
Fig . 9. The degree of folding of the post-junctional membrane is variable, some regions show 
no folding ( x 1100). Detail of Fig . 10a illustrating a satellite cell {sen) and a Schwann cell (S). 
( X 5 7 6 0 ) 
Fig . 11. Transverse section of a motor nerve ending (arrowed) lying on an intrafusal fibre 
which possesses faint double M-lines. (x9880). Detail of Fig . 11a. There is no sole-plate. A 
small motor termination (arrowed) lies beneath the main termination of the ending. Where the 
nerve terminals do not make synaptic contact with the muscle fibre they are invested with 
Schwann cells (S). The nerve ending is entirely enclosed by a thin extension of the intrafusal 
sarcoplasm (sif). ( x 16000) 
306 R . W. Banks and N. T . James: 
Three types of nerve endings could be differentiated according to the degree 
of folding of the post-junctional membranes and upon the presence or absence 
of an intrafusal sole-plate. 
Nerve endings of the first type (12% of the total) possessed prominent nucleated 
sole-plates, typically projecting about 4 p.m above the surface of the intrafusal 
muscle fibre (Fig. 9) and 6 u.m in diameter. The post-junctional membranes were 
folded into clefts 60 nm wide and up to 1 [im deep. These nerve endings were all 
found on nuclear bag fibres or nuclear chain fibres with faint double M-lines. The 
second type (72% of the total) possessed nucleated or non-nucleated sole-plates, 
projecting about 2 \im above the surface of the intrafusal muscle fibres and ex-
tending up to 60 \im along the fibres (Figs. 10a and b). The post-junctional mem-
branes were usually folded into clefts 0.3 fi,m wide and 0.5 jj.m deep. These nerve 
endings were found on nuclear bag fibres and nuclear chain fibres of both types. 
Nerve endings of the third type (16% of the total) did not possess a sole-plate 
(Figs 11a and b). The post-juncional membrane was rarely folded. This type of 
nerve ending was also found on each of the three types of intrafusal muscle fibre. 
The regions of sensory and motor innervation were separated by a non-
innervated region at least 200 y.m in length. 
Discussion 
The ultrastructural features of the guinea-pig muscle spindle are similar to 
those of other mammals described, e.g. the cat (Adal, 1969; Corvaja, Marinozzi 
and Pompeiano, 1969) and rat (Landon, 1966; Merrillees, 1960). 
Three types of intrafusal fibre in the guinea-pig spindle have been described 
here. The nuclear bag fibres possessing faint double M-lines are similar to those 
described in the cat (Adal, 1969; Corvaja, Marinozzi and Pompeiano, 1969). 
rat (Landon, 1966; Ovalle, 1971) and the rabbit (Barker and Stacey, 1970; Cor-
vaja and Pompeiano, 1970). The nuclear chain fibres possessing prominent single 
M-lines are similar to the nuclear chain fibres of those species. However, nuclear 
chain fibres possessing faint double M-lines have not previously been described. 
These may represent an intermediate type of fibre such as those described in the 
cat (Barker and Gidumal, 1961) and rabbit (Barker and Stacey, 1970). Recent 
enzyme histochemical studies in the rat (James, 1971) and rabbit (Banks, 1971; 
Barker and Stacey, 1970) also indicate that three types of intrafusal fibre exist. 
The possible effects of stretching the intrafusal fibres during f ixat ion may be 
relevant. Stretching of a nuclear bag fibre or contraction of its polar regions may 
cause the equatorial nuclei to line up as a nuclear chain. The nuclear chain fibres, 
if allowed to shorten under reduced tension could form small nuclear bags with 
two, or occasionally three, nuclei visible in a transverse section. This effect could 
be particularly noticeable i f the difference in diameter of the bag and chain fibres 
is small. Karlsson, Hooker and Bendeich (1971) have described similar changes in 
the distribution of the equatorial nuclei of frog intrafusal muscle fibres after 
stretching. 
The fine structural properties of the intrafusal fibres may reflect differences 
in the nature of their contractile properties. Smith (1966) reported that i n the rat 
spindle smaller intrafusal fibres, presumably possessing single M-lines (Landon, 
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1966), contracted faster than the larger fibres. Boyd (1966) observed rapidly 
contracting nuclear chain fibres and slowly contracting nuclear bag fibres in 
isolated preparations of cat spindles. Also extrafusal fibres wi th prominent M-lines 
are said to contract more rapidly than those wi th fa int M-lines (Hess, 1967). 
Primary and secondary sensory nerve endings (Ruff in i , 1898) could not be 
differentiated on the basis of their fine structural properties. However, the primary 
ending usually has a more regular annulo-spiral fo rm than the secondary endings. 
I n the guinea-pig the more regular spiral nerve endings, situated centrally are 
likely to be primary, while those irregularly branched nerve endings occurring in 
the juxta-equatorial regions are likely to be secondary. Similar observations have 
been reported in the cat spindle by Corvaja, Marinozzi and Pompeiano (1969). 
The three types of motor nerve ending seen in the guinea-pig spindles are 
similar to those of the cat (Adal and Barker, 1967; Barker, Stacey and Adal, 1970) 
and the rat (Hennig, 1969). The first type is similar to P t plates (Adal and Barker, 
1967; Barker, Stacey and Adal.. 1970; Hennig. 1969). These possess prominent 
nucleated sole-plates wi th marked post-junctional folding and are similar to the 
endplates of extrafusal twi tch fibres. I n the cat this type of intrafusal endplate 
may be innervated by branches of skeletomotor nerve fibres (Bessou, Emonet-
Denand and Laporte, 1965). However, no such information is available for the 
guinea-pig. The second type is similar to P 2 plates (Adal and Barker, 1967; 
Barker, Stacey^ and Adal, 1970; Hennig, 1969). These have a less prominent, but 
more extensive, sole-plate wi th less folding of the post-junctional membrane than 
the P j plates. The th i rd type is similar to trail endings (Adal and Barker, 1967; 
Barker, Stacey and Adal, 1970; Hennig, 1969). These do not possess sole-plates 
and there is l i t t le or no folding of the post-junctional membrane. Although three 
distinct types of motor nerve endings seem to be present, i t is possible that there 
is a continuous morphological spectrum of neuromuscular junctions. 
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Quantitative Studies on the Distribution* 
of Myofilaments in Intrafusal Muscle Fibres 
II . VV. Banks and N. T . James 
^Department of Human Biology unci Anatomy. The 'University, Sheffield, Great Britain 
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Summitry. Muscle spindles contain two types of intrafusal muscle fibre, nuclear bag fibres 
and nuclear chain fibres. The intrafusal fibres of rabbit, and guinea pig spindles have been 
studied using quantitative stercological techniques at the ultrastructural level. The cross-
sectional areas occupied by myofilaments have been measured in the polar and equatorial 
regions of both types of intrafusal fibre. There are considerably fewer myofilaments jn the 
equatorial regions of both types of fibre compared with t.heir polar regions. 
Key ivortl-s: Muscle spindle — Intrafusal fibres — Myofilaments — FJectron microscopy — 
Quantitative stercology. 
Introduction 
Muscle spindles are complex sensory organs found exclusively in skeletal 
muscles. I t is generally accepted that they contain two ma jor types of intrafusal 
muscle fibre each of which receives a rich motor and sensory innervation. The two 
types of intrafusal fibre, nuclear bag fibres and nuclear chain fibres, are differenti-
ated according to the distribution of their nuclei. Nuclear bag fibres contain a 
central equatorial bag-like collection of nuclei and are often relatively broad in 
diameter. Nuclear chain fibres contain a longitudinally orientated central row of 
nuclei in their equatorial regions and tend to be relatively narrow in diameter. 
Sensory nerve endings surround the equatorial region of each fibre. 
When examined by light microscopical techniques the polar regions of nucbar 
bag fibres seem well striated whilst their equatorial regions seem poorly striated. 
I t is generally believed that such differences in staining intensities reflect a paucity 
of myofibrils in nuclear bag equatorial regions compared with their polar regions 
(Barker, 1948; Boyd, 1962; Matthews 1972). Electron microscopical studied have 
confirmed that there are relatively few myofilaments in the equatorial regions 
of nuclear bag fibres (Corvaja. Marinozzi and Pompoiano, 1969: Landon. 1966: 
MeiTillees. 1960). 
Since equatorial regions contain few myofibrils they are thought to be more 
elastic than the polar regions. Consequently, any externally applied stretch of 
a spindle rapidly and preferentially elongates the equatorial elastic region and 
deforms the overlying sensory nerve endings. This deformation increases their 
sensory discharge. 
Attempts have previously been made to measure the reduction of equatorial 
myofibrils by estimating the cross-sectional areas of myosin ATPaso reactive 
* This work was carried out with the aid of grants from the Medical Research Council and the 
Science Research Council of Great Britain. 
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R.W. Banks & N T. James (1975) 
Rabbit intrafusal muscle fibres 
J. Anat. 119; 193. 
12. Rabbit intrafusal muscle fibres. By R. W. B A N K S and N . T . JAMES. Department of Human 
Biology and Anatomy, University of Sheffield 
Early studies on rabbit muscle spindles indicated that they contain only one type of intra-
fusal muscle fibre according to their morphology (Barker, Quart. J. micr. Sci. 89, 1948; Barker 
Sc. Hunt, Nature, Lond. 203, 1964) and their myoglobin content (James, Nature, Lond. 219,1968). 
Subsequent enzyme histochemical and ultrastructural studies indicated that either two (Spiro & 
Beilin, J. Histochem. Cytochem. 17,1969; Corvaja & Pompeiano, Pfliigers Arch. ges. Physiol. 317, 
1970) or three types (Barker & Stacey, J. Physiol. 210, 1970; Barker et ai, Research in Muscle 
Development and the Muscle Spindle, Excerpta Medica, 1972) are present. Confiimatory evidence 
is presented here which supports the view that there are three types of rabbit intrafusal fibre. 
Spindles from several hindlimb muscles were found to contain 4-7 intrafusal fibres. Two types 
could be identified according to their ultrastructure. (a) Fibres which possessed prominent 
M lines. These contained relatively large mitochondrial volume fractions when analysed using 
sterological techniques, (b) Fibres which did not possess M lines. These contained a significantly 
smaller mitochondrial volume fraction ( ~ 3 5 % less, P < 0-001). 
In each spindle examined the fibre with the largest equatorial diameter was always a nuclear 
bag fibre which did not possess M lines. The remaining fibres in each spindle always possessed 
M lines, but some of these were nuclear-bag fibres and some were nuclear-chain fibres. 
The equatorial diameters of the muscle fibres of a spindle, when expressed relative to the 
diameter of the largest fibre, form a trimodal distribution. Fibres of intermediate equatorial 
diameter were nuclear-bag fibres and the smallest diameter fibres were nuclear-chain fibres. 
Relative polar diameters formed a bimodal distribution. 
Rabbit intrafusal fibres have previously been classified according to their enzyme histochemical 
properties as type 1, type 2 or type 3 (Banks, / . Anat. 108,1971).The relatively short and thin type 
1 fibres correspond to the nuclear-chain fibres; type 2 fibres probably correspond to the nuclear-
bag fibres which possess M lines. The singly-occurring large type 3-fibre corresponds to the large 
nuclear-bag fibre devoid of M lines. The type 2 fibres were of greater polar diameter than either 
of the other types (P < 0 01 in each case). 
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Correlation between infrastructure and histochemistry of mam-
malian intrafusal muscle fibres 
B Y R . W. B A N K S , D . B A R K E R , D . W. H A R K E R and M. J . S T A C E Y . Zoology 
Department, Durham University, Durham 
We have devised a technique that allows for adjacent sections of the 
same muscle spindle to be prepared for either histochemical or ultra-
structural study. Muscle is frozen in iso-pentane cooled to —160° C and 
serial transverse sections cut in batches at about 15 /*m alternating with 
much thicker ones at about 60 /im. Various histochemical techniques are 
then applied to the thin sections, while the thick sections are processed for 
the observation of ultrastructure in both transverse and longitudinal 
section. We have sectioned cat and rabbit peroneus longus, peroneus 
digiti quinti and tenuissimus muscles, and the same peroneal and soleus 
muscles of the rat, studying one spindle from each muscle. Histochemical 
profiles of intrafusal muscle fibres were determined with respect to acto-
T A B L E 1. Correlation of ultrastructure and histochemistry in cat, rabbit and rat 
intrafusal muscle fibres at two levels in the spindle: A, that adjacent to the area of 
equatorial nucleation; B, that part of the juxta-equatorial region lying nearest to 
the equator. Bag fibres designated 'bag/ and 'bag2' on the basis of their ATPase 
reactions following Ovalle & Smith (1972). Staining reactions: +,low; + + , medium; 
+ + + , high. Condition of M line: 0, absent; M, present, dM, two faint parallel lines. 
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Cat A Bagx 
Bag2 
Chain 
Medium 
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+ /+ + 
+ + 
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M 
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myosin ATPase after alkali pre-incubation (alk ATPase; Guth & Samaha, 
1971), phosphorylase (P'ase; Eranko & Palkama, 1961), and glycogen 
(PAS method). Ultrastructural observations have so far been restricted to 
noting the M-line conditions. 
The results (Table 1) show that there may be variations in histochemical 
profile along the length of all types of intrafusal muscle fibre, and that the 
bag 2 fibres also show regional differences in ultrastructure. 
R E F E R E N C E S 
ERANKO, O. & PALKAMA, A . (1961). J. Histochem. Cytochem. 9, 585. 
GUTH, L . & SAMAHA, F . (1971). Expl Neurol. 28, 365-367. 
O V A L L E , W . & SMITH, R . (1972). Can. J. Physiol. Pharmacol. 50, 195-202. 
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Studies of the Histochemistry, infrastructure, Motor 
Innervation, and Regeneration of Mammalian 
Intrafusal Muscle Fibres 
D A V I D B A R K E R , R O B E R T W. B A N K S , D A V I D W. H A R K E R , 
A L I C E M I L B U R N and M I C H A E L J . S T A C E Y 
Department of Zoology, University of Durham, Durham DH1 3LE (Great Britain) 
INTRODUCTION 
One of the main findings recognized during the Durham Symposium on 
Muscle Spindles (Apr i l 1974) was that mammalian limb spindles possess two 
types of nuclear bag muscle fibre distinguished by differences in length, diam-
eter, distribution of associated elastic fibres, histochemical profile, ultrastruc-
ture, "and development. There was some doubt as to how to classify the fibres 
into two types, and how they should be named, since the histochemical and 
ultrastructural observations reported by various workers (see review by Barker, 
1974) had been made on separate preparations of different spindles, so that to 
some extent their correlation was a matter for conjecture. I t was agreed that a 
final decision on naming the two types should await the correlation of histo-
chemical and ultrastructural characteristics in one and the same spindle, prefer-
ably in a number of different species (Barker and Laporte, 1975). 
We begin by summarizing the progress we have made towards this end, and 
then give some account of other work that we have been engaged in . This in-
cludes work on cat fusimotor innervation, in collaboration wi th our colleagues 
in Paris and Toulouse, and a study of the degeneration and regeneration of rat 
spindles following the administration of the local anaesthetic bupivacaine. 
HISTOCHEMICAL/ULTRASTRUCTURAL CORRELATIONS 
We found that a direct comparison between the histochemical profile and 
ultrastructure of an intrafusal muscle fibre could be made by cutting frozen 
serial transverse sections in batches at about 15 jum alternating wi th much 
thicker ones at about 60 fim. The thin sections could be used for the applica-
t ion of various histochemical techniques, while the thick ones were processed 
for the observation of ultrastructure in both transverse, and longitudinal section. 
By sectioning according to this sequence, the histochemical and ultrastructural 
characteristics of each type of intrafusal muscle fibre can be correlated at all 
levels f rom equator to extreme pole as i t is traced through the spindle. Our ob-
servations using this technique have so far been made on 34 spindles sampled 
f rom various hindlimb muscles of the cat, rabbit and rat. The histochemical 
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profiles examined were those of myofibrillar ATPase following alkaline pre-
incubation (Guth and Samaha, 1970), phosphorylase (Eranko and Palkama, 
1961), and glycogen (PAS method). The results show that (i) in addition to 
chain fibres, all the spindles contain two types of bag fibre, usually one of each 
type; (ii) histochemical profiles vary along the length of individual intrafusal 
muscle fibres; (iii) there are regional differences in ultrastructure in bag fibres; 
and (iv) mistakes have been made in some previous indirect histochemical/ 
ultrastructural correlations concerning bag fibres such that ultrastructural and 
morphological properties have been ascribed to the wrong histochemical type 
(Banks et al., 1975, 1976a). 
In this study we found it convenient to distinguish three regions between the 
equator and the insertion or origin of a spindle pole, namely, region A, that 
part of the equatorial region lying between the equator and the equatorial end 
of the periaxial space; region B, that part of the pole extending f rom the 
equatorial end of the periaxial space to the end of the capsule; and region C, 
the extracapsular part of the pole (see Fig. 1). Since the equatorial length of 
the periaxial space and the length of the capsule vary according to the number 
of sensory endings present, i t follows that regions A and B are shortest in those 
spindles that receive a primary ending only (these also have the shortest overall 
length). Thus in the 8 poles of 4 such spindles f rom cat tenuissimus the mean 
distance of the equatorial end of the periaxial space (level A/B) f rom the 
equator was 238 jum (range 150—290 jum), and the mean distance of the end of 
the capsule (level B/C) f rom the equator was 1278 jum (range 1100—1850 jum). 
Comparable mean distances f rom the equator for 4 spindle poles in which 
region A included two secondary endings were 826 jum (range 655—990 (im) 
for level A/B and 2165 /im (range 1950—2470 / jm) for level B/C (data f rom 
Barker, 1974, Fig. 3). Analyses of the sensory innervation of spindles in various 
cat hindlimb muscles (Barker, 1962; Boyd, 1962) indicate that the most com-
mon types of spindle pole are those that receive one secondary ending and 
those that receive none. The length of such poles is usually 4.0—4.5 mm, with 
region A occupying up to 0.5 mm, region B 1.5 mm, and region C 2.0—2.5 mm. 
Ovalle and Smith (1972) distinguished two types of bag fibre in cat and 
monkey spindles on the basis of their ATPase staining reactions and called 
them "bag," and "bag," fibres. We have adopted these terms, abbreviating 
them, as convenient, to bi and b 2 . A difference of alkaline ATPase staining in-
tensities between bag t (low) and bag2 (medium or medium/high) obtains in cat, 
rabbit and rat spindles, being most marked in regions A and B (see Fig. 2). In 
region C i t is less obvious owing to an increase in staining intensity of the bag! 
fibres. In cat spindles the bag2 fibres are medium and the chain fibres high, but 
in rabbit and rat spindles the ATPase profiles of the bag2 and chain fibres are 
very similar over most of their lengths. With the phosphorylase reaction a 
profile pattern in rabbit spindles of low (bag,), medium (bag 2), high (chains) is 
most evident in region B, but in region C i t is lost as the staining intensity of 
the bagi fibres rises to the same medium level as shown by the bag2 fibres. In 
cat and rat spindles the two types of bag fibre are not clearly differentiated by 
this reaction. The glycogen levels of the bag! fibres are generally higher than 
those of the bag2 fibres in rabbit and rat spindles, but in the cat the reverse is 
true except in region C where they are the same. Further information about the 
69 
mm 
4-
3-
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3 M line absent 
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2-
1-
0 J 
B 
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long chain 
Fig. 1. On the left of the figure the equatorial region and pole of a typical cat spindle are 
schematically represented (muscle fibre width scale X 3 that used for length). The axial 
bundle consists of one bag] (b j ) fibre, one bag2 ( b 2 ) fibre and 4 chain fibres (one long). 
Their M line condition is indicated from equator (e) to polar tip in the regions A , B, and C. 
Representative transverse sections of a cat tenuissimus spindle through the three regions are 
shown on the right of the figure. Note dissociation of bag] fibre from the rest of the axial 
bundle in region A, and presence of long chain (lc) fibre in region C . ex.m.f., extrafusal 
muscle fibre; c, chain fibre. 
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a rat 
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cat 
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Fig. 2. Alkaline ATPase staining intensity in bagj (b i ) and bag2 ( b 2 ) fibres of rabbit, rat and 
cat spindles (indicated by symbols as shown in key) in regions A, B and C. Values are average 
numbers of points awarded on a scale 0 (absent), 1 (low), 2 (medium), 3 (high) in examining 
transverse sections sampled from a number of levels in each region. 
glycogen profiles of cat intrafusal fibres is given below in connexion wi th the 
glycogen depletion work (seep. 75); for f u l l details of the histochemical profiles 
obtained with all three methods see Banks et al. (1976a). 
I t was possible to fo rm a fairly rapid assessment of the variation in histo-
chemical profile along the length of an intrafusal fibre pole f rom the serial 
batches of 15 jum transverse sections. Preparing and processing the thick 60 jum 
sections for ultrastructural observation of course takes much longer, and our 
present data have been gathered f rom regions A, B and C sampled at various 
levels in the three species studied. We have also confined our observations at 
this stage mainly to variation in condition of the M line. This may be present as 
a single prominent line, a condition we have designated as " M " . Alternatively 
the M line may be absent, or present as two faint parallel lines. Since a non-M 
line sarcomere and one with a faint double M line may be adjacent in the same 
muscle fibre, both conditions are included under the designation " d M " . 
The chain fibres show the M condition at all levels sampled in all three 
species. The condition in the bag2 fibres of all spindles is dM for most of region 
A switching to M as they approach level A/B. The condition in cat bag, fibres is 
dM in region A switching to M towards the polar end of region B; in rabbit 
bag, fibres a similar switch occurs in the middle of region C; and in rat bagi 
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Fig. 3. Variation in M line condition of bag! (b>!) and bag2 ( b 2 ) fibres in regions A, B and C 
of the poles of typical rat, rabbit and cat spindles (muscle fibre width scale X 3 that used for 
length), e, equator. 
fibres the condition is dM throughout (see Fig. 3). We have not yet obtained 
preparations that reveal the nature of the transition f rom a dM to an M condi-
tion. The fact that the transition zone in the bag, fibres of cat and rabbit 
spindles occurs at a similar distance f rom the equator (1.0—1.5 mm) suggests 
that this may be a standard length, determined perhaps by developmental fac-
tors associated with the primary afferent. A situation thus occurs in which, 
owing to the differences in average spindle length between the three species, 
the switch f rom the dM to the M condition is intracapsular in cat spindles 
(region B), extracapsular in rabbit spindles, and absent in rat spindles. 
Micrographs illustrating the ultrastructure of cat bag! and bag2 fibres at levels 
sampled f rom regions A, B and C are shown in Fig. 4a—f. When the thick sec-
tions are f ixed for electron microscopy during the application of our technique, 
contraction cannot be opposed and the sarcomeres of the muscle fibres are 
greatly shortened. I t is interesting to note, however, that the sarcomeres of 
bagi fibres in all three species always remain longer under these conditions than 
those of bag2 fibres (compare Fig. 4c and d), chain fibres, and extrafusal fibres. 
Apart f rom this, in regions where fibre types have the same M line condition, 
e.g., as in the case of b, and b 2 fibres in part of region A, or all three fibre types 
in cat region C, there is no obvious difference in their ultrastructure. A t this 
stage of the work our impression is that the change of M line condition in a bag 
fibre is accompanied by a change of other ultrastructural features. In the transi-
tion f rom dM to M the mitochondria appear to change f rom being small and 
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Fig. 4. Electron micrographs of representative longitudinal sections of bag fibres from re-
gions A, B and C of cat tenuissimus spindles. In A a b the condition of the M line is dM in 
both types of fibre; in B C i d the condition is dM in the bagi fibre, but M in the bag 2 fibre; in 
C e f it is M in both types. In c and d the electron micrographs illustrate sections obtained 
using the combined histochemical/ultrastructural technique of Banks et al. (1976a); the sec-
tions illustrated in a, b, e and f are from muscle fixed in the normal way for electron micros-
copy. 
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scarce to being larger and more numerous; the amount of interfibrillar sarco-
plasm increases; and the sarcotubular system becomes better developed. Varia-
tion in histochemical profile along the length of an intrafusal fibre in the reac-
tions that we have examined does not appear to be correlated with the condi-
t ion of the ultrastructure. 
Since there is regional variation in the histochemical profiles of intrafusal 
muscle fibres, and in the ultrastructure of bag fibres, i t is scarcely surprising 
that some investigators (e.g., Arendt and Asmussen, 1974) have recognized 
more than three histochemical types, and that others (e.g., Barker et al., 
1972b) have made erroneous indirect histochemical/ultrastructural correla-
tions. In their ultrastructural study of dog spindles Banker and Girvin (1971) 
did not distinguish between two types of bag fibre, but they were on the right 
track when they observed that the bag fibres had M lines in the poles and lost 
them in the equatorial region. 
Though, generally speaking, i t may be said that there is a hierarchy of length 
and diameter among the three types of fibre in the sequence bag2—bag,—chain, 
these characteristics are not an entirely reliable guide as to fibre type. In cat 
spindles bag2 fibres are usually longer than bag, fibres, but in rabbit and rat 
spindles they are usually about the same length. Also in some cat spindles the 
length of one of the chain fibres may be similar to, or even longer than, the 
bag, fibre (see p. 75). Bag, fibres are thicker than bag, fibres, and both types of 
bag fibre are thicker than chain fibres except in rabbit spindle poles where the 
diameters of bag, fibres and chain fibres are not significantly different (Banks 
and James, 1975). 
A feature that is useful in helping to identify bag fibres in cat spindles is that 
in their course through the equatorial region the bag, fibre generally lies some-
what apart f rom the rest of the axial bundle, whereas the bag2 fibre is closely 
associated with the chain fibres (see Figs. 1, 8). This may be true of all mam-
malian spindles that have four or more chain fibres. During rat development 
the three types of intrafusal fibre arise sequentially in the order bag2, bag,, 
chain. Bag, and chain fibres each develop in association with the older bag2 
fibre, presumably separating f rom it in cat spindles to a greater (bag,) or lesser 
(chains) extent after the fusion of their constituent myoblasts. 
The main characteristics of the three types of intrafusal muscle fibre in cat, 
rabbit and rat spindles may be summarized as follows. 
Bagi fibres 
Diameter: medium, similar to chains in rabbit, thicker than chains in cat, rat. 
Length: usually shorter than b 2 fibres in cat, usually same length as b 2 fibres 
in rabbit, rat. 
Development: second fibre formed, usually dissociates f rom b 2 fibres and 
chains equatorially in cat. 
Alkaline ATPase profile: low. 
M line condition: rat, dM; rabbit, dM switching to M in extracapsular pole 
(region C); cat, dM switching to M in capsule sleeve (region B). 
Bag2 fibres 
Diameter: always the thickest. 
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Length: usually longest in cat, usually same length as b[ fibres in rabbit, rat. 
Development: first fibre formed, remains closely associated with chain fibres 
equatorially in cat. 
Alkaline ATPase profile: medium in cat, medium/high similar to chains in 
rabbit, rat. 
M line condition: dM for short stretch adjacent to nuclear bag, otherwise M 
for rest of length. 
Chain fibres 
Diameter: thinnest in cat, rat, similar to b! fibres in rabbit. 
Length: shortest, butsomechains in cat may be as long as b, fibres or longer. 
Development: last fibres to be formed, remain closely associated with b 2 
fibre equatorially in cat. 
Alkaline ATPase profile: high. 
M line condition: M line present throughout length. 
CAT FUSIMOTOR INNERVATION 
In collaboration with Laporte and his colleagues we have analysed the distri-
bution of static and dynamic 7 axons to cat tenuissimus spindles using Edstrom 
and Kugelberg's (1968) glycogen depletion technique (Barker et al., 1974, 
1976). Our study differs in a number of respects f rom a similar one made by 
Brown and Butler (1973): the muscle portions containing the activated spindles 
were quick-frozen and then fixed in absolute ethunol during freeze-substitution 
in order to avoid the "streaming" of glycogen granules; sampling of 7 static 
axons was not restricted to those of relatively fast conduction velocity; and the 
two types of bag fibre were taken into account in the analysis. In each experi-
ment a single 7 axon supplying tenuissimus spindles was prepared and its func-
tion, static or dynamic, determined by measuring the dynamic index after 2—3 
mm ramp stretches applied during repetitive stimulation at 100/sec. Glycogen 
depletion in the muscle fibres innervated by the axon was obtained by repeti-
tively stimulating i t during several periods of blood occlusion. The activated 
spindles were located to within 1—3 mm by gently pulling on the connective 
tissue near the edge of the stretched muscle and observing the change in fre-
quency of the primary ending discharge. Af ter freeze-substitution the muscle 
portions were embedded in Paramat and serial transverse 10 /im sections cut, 
stained for glycogen (PAS method), and examined for depletion. Serial recon-
structions were made of each experimental spindle in order to ascertain the 
levels of glycogen and zones of glycogen depletion in each intrafusal muscle 
fibre. 
The glycogen levels of cat tenuissimus intrafusal muscle fibres show some 
regional variation. In bag( fibres the level is medium in regions A and B, though 
it may drop to medium/low or low over short stretches. In region C the level is 
medium rising to medium/high, or occasionally high, towards the polar extrem-
i ty . The level in bag2 fibres is mainly medium/high; there may be short medium 
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stretches in regions A and B, and there is usually a rise to a high level towards 
the polar extremity. The chain fibres have the most glycogen, the level being 
generally high throughout, though there may be occasional stretches where the 
level drops to medium/high or medium/low. Long chain fibres are particularly 
liable to show this variation. There is a gradation of length among cat tenuissimus 
chain fibres such that the origins or insertions of some lie inside the capsule 
whereas those of others lie outside. In a sample of 369 chain fibres measured in 
this study 40.6% of the origins/insertions were intracapsular, 59.3% extra-
capsular (see Fig. 5). The percentages of origins/insertions lying 0.5 mm or 
more and 1.0 mm or more beyond the end of the capsule were 30.3 and 7.9, 
respectively. Long chain fibres beginning or ending 1.0 mm or more beyond the 
end of the capsule were present in 25 (29.4%) of 85 spindle poles; usually only 
one was present, occasionally two, rarely three. 
Control muscles were examined in order to ascertain whether the glycogen 
profiles were affected by a regime of blood occlusion without nerve stimula-
t ion, or by the standard experimental procedure f rom which both blood occlu-
sion and nerve stimulation had been omitted. The controls were normal; they 
lacked any blanched zones such as occur with glycogen depletion. 
The stimulation of 8 single static 7 axons (conduction velocity range 19.0— 
45.0 m/sec) produced zones of glycogen depletion in 27 whole spindles and 5 
half spindles (i.e., spindles cut in two when the muscle portion was excised so 
as to leave only one complete pole). The stimulation of 4 dynamic 7 axons 
(conduction velocity range 23—46 m/sec) produced zones of glycogen deple-
tion in 16 whole spindles and one half spindle. The following results emerged. 
region C region B 1 3! mi 
(219 fibres) (ISO fibres) 40 
20 
1-0 1-0 m m 
level B/C equator pole 
Fig. 5. Histogram of the origin/insertion points of 369 chain fibre poles belonging to cat 
tenuissimus spindles (35 complete spindles, 13 complete half spindles) reconstructed from 
serial 10 jum transverse paraffin sections stained for glycogen (PAS method). Transition be-
tween region B (intracapsular) and region C (extracapsular) at level B /C indicated by arrow-
head. 
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Static j axons, (i) Analyses of 27 spindles showed that 13 (48.2%) had bag and 
chain depletions, about twice as many as those in which depletion was restrict-
ed to bag fibres only (8, or 29.6%) or to chain fibres only (6, or 22.2%). (ii) A l -
most as many bag fibres were depleted as chains, and among the bag fibres, 
both types were equally involved, (i i i) Of the 8 spindles in which depletion was 
restricted to bag fibres, three involved bag! fibres only, one involved a bag2 
fibre only, and 4 involved both types. I t must be noted, however, that in 5 of 
these spindles (including all those with bag, only depletions) there were patches 
in some of the chain fibres where the glycogen level dropped f rom high to me-
dium. Although this is a feature of the normal profile the possibility cannot be 
excluded that some of these patches represent zones of partial depletion, (iv) 
The same static axon usually differed in its pattern of distribution to each of 
the spindles i t supplied, (v) Bag-fibre involvement was restricted to bag] fibres 
on stimulating axons with conduction velocities slower than 25 m/sec. 
Dynamic 7 axons. Analyses of 16 spindles showed that depletion was almost 
exclusively restricted to bag! fibres. In only 3 spindles were other types of fibre 
involved; in one this was a bag2 f ibre, in two i t was a long chain fibre. Of the 21 
spindle poles in which depletion occurred, the fibre types involved were bagi in 
20, bag2 fibres in 2, and long chain fibres in 2. 
The results obtained in the experiments with static 7 axons agree well wi th 
those obtained f rom a study of the distribution of static 7 axons to tenuissimus 
spindles in which all other motor axons had degenerated (Barker et al., 1973). 
In that study silver staining was used and a detailed histological analysis made 
of 30 spindles innervated by 6 static 7 axons (conduction velocity range 35—48 
m/sec). In terms of trail endings supplied to bag (b, type not specified) and 
chain (c) fibres the static axons innervated 37 spindle poles as follows: be 
poles, 48.7% (19 be, 1 bbc); b only poles, 24.3% (8 b, 1 bb); c only poles, 
27.0% (10). This compares with the distribution of blanched zones among the 
bag and chain fibres of the 44 spindle poles activated by static axons in the 
glycogen depletion experiments, as follows: be poles, 4 1 % (15 be, 3 bbc); b 
only poles, 34% (12 b, 3 bb); c only poles, 25% (11). 
The lengths of the zones depleted of glycogen by static 7 axons varied f rom 
0.1 mm to about 1.5 mm in all three fibre types, the mean length being around 
0.5 mm. In the majority of instances the depletion of a fibre was restricted to a 
single zone in one pole. Histograms of the distances of the centres of the depleted 
zones f rom the equator for each fibre type are shown in Fig. 6a—c in relation 
to mean distances of levels A/B and B/C (broken vertical lines) f r o m the equa-
tor in each sample of spindle poles concerned. In each fibre type most of the 
zone centres are seen to lie in region B, the mean distance for all 26 bag, fibre 
zones being 1548 /um, all 24 bag2 fibre zones 1395 jum, and all 51 chain zones 
931 j L t m ; for all fibres the mean was 1111 jum. The histograms compare well 
with the location of trail endings as seen in silver preparations. In 21 silver-
stained tenuissimus spindle poles the mean distance of the centre of trail-ending 
areas lay 1101 /im f rom the equator, the nearest and furthest limits of the areas 
being at mean distances of 753 jum and 1391 jum, respectively (range 490— 
2330 /im) (data f rom Barker, 1974, Fig. 3; see also Barker et al., 1970). 
A similar histogram of the distances f r o m the equator of the centres of the 
25 zones depleted of glycogen in bag, fibres by dynamic 7 axons is shown in 
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Fig. 6. Histograms of the distances from the spindle equator of the centres of the zones 
depleted of glycogen in each type of intrafusal muscle fibre on stimulating single static 7 
axons (a—c) and single dynamic 7 axons (d) (data from Barker et al., 1976). In a—c the 
horizontal line above each histogram represents the range of the limits of trail-ending areas as 
measured in 21 silver-stained spindle poles from cat tenuissimus; arrowheads above the line 
indicate the mean distances from the equator of the nearest and furthest limits of the trail-
ending areas (data from Barker, 1974, Fig. 3). Broad arrowhead below the abscissa of each 
histogram in a—d indicates the mean distance from the equator of the centres of the de-
pleted zones in the fibre type concerned (excluding the bag2 and chain fibres in. d). Histo-
gram e shows the distances from the equator of the centres of 35 p 2 plates as measured in 
19 silver-stained spindle poles from cat tenuissimus (data from Barker, 1974, Fig. 3); broad 
arrowhead below the abscissa indicates mean distance. Spindle pole regions A, B and C are 
shown in each histogram with the levels A / B and B / C indicated by broken vertical lines at 
their mean distance from the equator for each sample of fibre poles (a—d) or spindle poles 
(e) concerned. 
78 
Fig. 6d; the 5 zone centres in the depleted bag2 and long chain fibres are in-
cluded, distinguished by different shading. I t wil l be noted that the zone cen-
tres do not lie mostly in region B, as in the case of the static bag! depletions 
(Fig. 6a), but are about equally distributed through regions B and C and ex-
tend over a greater polar length. Their mean distance from the equator also lies 
further along the pole being extracapsular at 1732 jum. This distribution com-
pares well with that of p 2 plates as seen in silver preparations. The characteris-
tic location of these is over a polar length of about 1 mm that includes the 
transition f rom regions B and C. Some may occur towards the extreme end of 
the pole, and others may lie closer in towards the equator, though they do not 
encroach into region A as do trail endings. Some of these points are illustrated 
in Fig. 6e, a histogram of the distances f rom the equator of 35 p 2 plates as 
measured in 19 silver-stained tenuissimus spindle poles (data f rom Barker, 
1974, Fig. 3). Owing to the hazards of teasing, the majority of the spindle poles 
were cut at a level 2.5—3.0 mm from the equator so that some p 2 plates with 
an extreme polar location may have been lost. This probably accounts for the 
mean distance of the p 2 plate centres being extracapsular at 1435 jum, i.e., 
slightly nearer to the equator than the equivalent mean of the zone centres of 
dynamically depleted bagi fibres. 
In a sample of 50 p 2 plates examined in silver preparations of spindles teased 
from cat peroneal muscles Barker et al. (1970) found that "90% were located 
on bag fibres, 10% on chain. In two instances a p 2 fibre was seen to branch so 
as to supply one plate to a bag fibre and one to a chain fibre. One p 2 plate was 
seen to terminate on a bag fibre as well as on an adjacent chain fibre; another 
spread its terminals over two bag fibres" (p. 331). These observations, taken in 
conjunction with the distribution and location of the zones depleted of glyco-
gen by dynamic 7 axons, strongly indicate the probability that such axons ter-
minate in p 2 plates. 
Further evidence of this has come f rom experiments in which a local con-
traction in a bag fibre produced by stimulating a dynamic 7 axon is observed, 
photographed, and precisely located prior to processing for examination with 
electron microscopy (Banks et al., 1976b). The ultrastructure of the terminal 
present in the activated region is then compared with the ultrastructure of p 2 
plates previously located and photographed in spindles stained with meth-
ylene blue (attempts to stain the dynamically activated spindle itself with 
methylene blue have so far failed). Longitudinal sections through motor end-
ings found at the site of the observed local contraction produced by stimulating 
a dynamic 7 axon show terminals whose length and ultrastructure are very sim-
ilar to those of p 2 plates previously stained with methylene blue (see Fig. 7). 
The postsynaptic membrane in such plates is mostly smooth and not thrown 
into wide, shallow folds as described by Barker et al. (1970). Observations of 
the ultrastructure of 7 fusimotor endings that we have made since then make i t 
clear that the presence or absence of postsynaptic folding is not a reliable 
criterion for distinguishing between the terminals of trail endings and p 2 plates. 
I t may be that postsynaptic folding is related to muscle fibre type and distance 
f rom the equator. 
By observing the regional M line condition, diameter, and the equatorial re-
lationship with chain fibres, type of bag fibre can confidently be identified in 
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Fig. 7. a—c: light and electron micrographs of p 2 plates in cat tenuissimus spindles, a: 
methylene blue preparation of a p 2 plate in region B. b: electron micrograph of a longitu-
dinal section through part of the p 2 plate shown in a. Vacuolated appearance of the axon 
terminals (indicated by arrows) and the bag, muscle fibre is due to damage caused by 
methylene blue staining, c: electron micrograph of an oblique longitudinal section through 
part of a motor ending located on a bag fibre (probably bag, type) at the site of observed 
local contraction (2.05 mm from the equator) produced by stimulating a dynamic 7 axon. 
Position, length and ultrastructure of this ending suggest that it is a p 2 plate, f.n., fibroblast 
nucleus; s.p.n., sole-plate nucleus. (From work in progress by Barker, Bessou, Pages and 
Stacey.) 
ultrastructural preparations providing all three criteria are satisfied. On this 
basis we have identified two p 2 plates stained with methylene blue, and sub-
sequently examined ultrastructurally, as being positively located on a bagi 
fibre in one case, and doubtfully so in another (two criteria only satisfied). Of 
two motor endings located at the sites of local contractions produced by stimu-
lating dynamic y axons and identified ultrastructurally as p 2 plates, one was 
positively identified as being situated on a bagi fibre, the other doubtfully con-
sidered to be on a bag] fibre. 
Using these criteria we have checked on bag fibre type in other work in 
which muscle fibres were marked by the electrophoretic injection of the f luo-
rescent dye Procion yellow and examined ultrastructurally after recording their 
membrane responses during fusimotor activation (Barker et al., 1972a, 1975a). 
In 6 experiments in which dynamic 7 axons were stimulated a bag) fibre was 
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marked in 5 instances, and a chain fibre in a sixth. The fibres marked in these 
experiments are, of course, not necessarily the only ones activated by the fusi-
motor stimulation. 
There is thus strong evidence that the dynamic response to 7 fusimotor 
stimulation in cat spindles is mainly produced by 7 axons terminating in p 2 
plates on bag! fibres. However, the p 2 innervation is not exclusively restricted 
to bag, fibres, and the evidence f rom glycogen depletion experiments shows 
that, though a bag! fibre is always involved, a bag2 or a chain fibre may also 
occasionally participate. The situation with respect to dynamic @ axons is very 
similar. Histological evidence indicates that the fusimotor collaterals of |3 axons 
terminate as pi plates on bag fibres (75%) and chain fibres (25%) (Barker et al., 
1970). Glycogen depletion experiments in which the sites of termination of 3 
dynamic j3 axons were studied in 12 cat tenuissimus spindles (Barker et al., 
1975b) showed that depletion was restricted to bag, fibres in 9 spindles, but 
that in two spindles a bag2 fibre was also depleted, and in one spindle depletion 
also occurred in one bag2 fibre and three chain fibres. 
Boyd et al. (1975) maintain that all cat spindles contain two functionally 
distinct types of bag fibre; that those controlled by dynamic axons are never 
operated by static axons, and vice versa; and that chain fibres are always oper-
ated by static axons (see also Boyd and Ward, 1975). They therefore propose 
that the two bag fibre types be designated "dynamic" nuclear bag fibres and 
"static" nuclear bag fibres. I t is d i f f icu l t to accept this concept in view of our 
own findings. We cannot regard bagi fibres as being operated solely by dynam-
ic axons since the evidence f rom glycogen depletion experiments shows that 
they are activated by static axons as often as bag2 fibres. Moreover bag fibre in-
volvement is restricted to bag, fibres on stimulating static 7 axons with con-
duction velocities slower than 25 m/sec. Nor can we regard bag2 fibres or chain 
fibres as being activated solely by static axons, since on occasion either or both 
these fibre types may be activated by dynamic axons, 7 or |3. 
Nevertheless we must take account of an observation made by Bessou and 
Pages (1975), which appears to support the view that one type of bag fibre is 
selectively operated by dynamic axons. They found that all dynamic 7 axons 
activate bag fibres, but not the same bag fibres that are activated by static 7 
axons. Thus when a dynamic 7 axon and a static 7 axon supplying the same 
spindle were stimulated, the dynamic axon was observed to activate one of the 
bag fibres where the static axon activated the other, often together with one 
or more chain fibres. While acknowledging that some spindles may well have 
this pattern of motor innervation, we feel that the activation of bagi fibres by 
static 7 axons cannot be ruled out on the basis of this observation for the f o l -
lowing reasons, (i) The results of the static glycogen depletion experiments 
show that most of the centres of the depleted zones in bag, fibres lie in regions 
A and B; 28% are located less than 1 mm f rom the equator, 76% less than 1.5 
mm. This intracapsular area is the least favourable for observing weak local con-
tractions of the type that occur in bag fibres. Bessou and Pages (1975) ac-
knowledge that such contractions may be missed i f chain fibres are strongly 
contracting simultaneously in the same pole. Furthermore in region A, and for 
most of region B (i.e., over a length of about 1.5 mm f rom the equator) the 
ultrastructure of bagi fibres is different (dM condition) f rom that found over 
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the rest of its polar length (M condition), and, except for part of region A, dif-
ferent f rom that of bag2 fibres. I t is not yet known whether these differences 
are associated with any differences in contractile properties, (ii) The conditions 
for observing weak local contractions in bag fibres are much better in region C 
(extracapsular) than in region B (intracapsular). In our collaborative work most 
of the contractions produced by stimulating dynamic 7 axons are located in 
region C, 3.0—4.0 mm f rom the equator. However, the centres of zones in bag t 
fibres depleted of glycogen by dynamic 7 activation (Fig. 6d) are distributed to 
regions B and C about equally, (iii) Identification of type of intrafusal muscle 
fibre by Bessou and Pages (1975) was made on the basis of length and diam-
eter. In our experience this can give rise to error, e.g., long chain fibres can be 
mistaken for bag fibres and vice versa. 
We are thus left , as usual, with a piece of the jigsaw that just won't f i t . This 
time i t is the bag[ fibre. Is i t possible that this fibre, depending on the way in 
which i t is activated, can give either a dynamic or a static effegt? Bag fibres ac-
tivated by dynamic axons have not so far been observed to be also activated by 
static axons, but that may be due to some of the reasons outlined in the pre-
ceding paragraph. Though much more information is required, the evidence at 
present available to us f rom glycogen depletion experiments (Fig. 6a, d), 
ultrastructural observation, and silver preparations (Fig. 8) suggest that bag, 
fibres can be innervated by either trail endings or p 2 plates. We do not know 
whether this may be true of one and the same bag, fibre, though we have ob-
served instances of p 2 and trail innervation being supplied to a bag fibre whose 
type cannot be reliably ascertained (see Barker et al., 1970, Fig. 41). In this 
connexion the glycogen depletion experiments show that the average distances 
f rom the equator of the centres of zones depleted by static axons in bagi and 
bag2 fibres are respectively 30.4% and 30.5% of their total polar lengths, where-
as the comparable figure for zones depleted by dynamic axons in bag! fibres 
is 46.9%. 
There is now a considerable amount of evidence indicating that of the two 
kinds of 7 motor endings, trail endings are involved in the static response and 
p 2 plates in the dynamic response. That is not to deny that either ending may 
on occasion be involved in the contrary response, for we must certainly allow 
for the probability that i t is the type of muscle fibre activated that is the rele-
vant factor rather than the type of ending. Regional differences may also be of 
crucial importance. A l l intrafusal contractions are' local; even those associated 
with propagated action potentials that sometimes occur in chain fibres involve 
only one pole (Bessou and Laporte, 1965; Bessou and Pages, 1972, 1975). 
Hence perhaps consideration should go beyond fibre type and concentrate on 
the regional characteristics of the contracting zone. 
In some tandem spindles i t occasionally happens that a bag muscle fibre in 
one of the spindle units wi l l continue through to the next encapsulation as a 
chain fibre (Barker and Cope, 1962; Eldred, as cited by Barker, 1962). From 
what is known of spindle development (Barker and Milburn, 1972; Landon, 
1972; Milburn, 1973) i t seems likely that tandem spindles with two linked cap-
sules fo rm as the result of two primary sensory axons making contact with a 
primary generation myotube (the future bag2 fibre) at two points some dis-
tance apart. I f one of the primary axons were to arrive somewhat later than the 
Fig. 8. a: the equatorial region and part of one pole (region B) of a spindle from cat pero-
neus brevis. The innervation consists of a primary ending (P) in the equatorial region and a 
trail-ending area (tr.e.a.) in the pole. The bagi fibre ( b i ) is dissociated equatorially from the 
bag2 ( b 2 ) and chain (c) fibres and is individuated by annulospiral terminals. Its course 
through the pole towards the trail-ending area is plainly visible, b: part of the trail-ending 
area in a, photographed at higher magnification. Arrowhead indicates a trail ramification 
terminating on the bagi fibre. Teased, silver preparation (method of Barker and Ip, 1963). 
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other, the sequential development of successive generations of myotubes that it 
engendered would lag behind such development initiated by its earlier partner. 
In that event the bagi fibre in the former spindle unit would be starting to de-
velop at a time when the first chain fibre was already forming in the latter. In 
the subsequent polar fusion of myoblasts in the intercapsular region fusion 
could occur between the polar extremities of the bagi fibre and a chain fibre, 
especially if this were a long chain fibre. I t is unlikely that bag2 fibres engage in 
such fusions since they are already well developed in the muscle primordium 
before the primary axons reach them. 
However this may be, we encountered a tandem spindle with a bag!/long 
chain compound fibre in one of the static glycogen depletion experiments. The 
proximal pole of a large spindle unit (A) consisted of a bagi fibre, a bag2 fibre, 
and five chain fibres, one of them a long chain. This was linked to a smaller 
unit (B) whose distal pole consisted of a bagi fibre, a bag2 fibre, and four 
chains. The poles of the two units in the intercapsular region were linked by 
the bag2 fibre, which was continuous, and a compound fibre formed by fusion 
between the long chain fibre of the large unit and the bag, fibre of the small. 
In the region of fusion of chain with bag, fibre diameter increased and glycogen 
level dropped f rom high to medium. The static 7 axon activated four muscle 
fibres in this tandem spindle producing zones of glycogen depletion as follows. 
Unit A. Bagi fibre, one zone in region B (200 jum long), proximal pole; one in 
region C (810 pm), distal (intercapsular) pole. Unit B. Compound fibre, bagi 
portion; two intercapsular zones, one in region C (470 /im), one in region B 
(420 /im); and one in region B (200 jum), distal pole. Chain fibres, distal pole; 
one zone 330 jum long in one chain fibre, one 230 jum long in another. The 
total length of muscle fibre of bag ( type activated was thus 2.1 mm as against 
a total chain length of 0.56 mm. 
Because of its anomalous nature the data f rom this spindle, activated by a 
static 7 axon with a conduction velocity of 28 m/sec, are omitted f rom Fig. 6. 
Did the type of response f rom its two primary endings depend on the type of 
motor ending involved? (In this case these were presumably all trail endings.) Or 
did i t depend on the type of muscle fibres activated? I f we accept that the latter is 
more probable and agree with the hypothesis that contractions of bag, fibres 
are exclusively associated with dynamic responses, and those of chain fibres 
wi th static responses, we f ind ourselves in a dilemma. In view of the large 
amount of bagi activation we would presumably have to ignore the relatively 
slight activation of chain fibres and conclude that, had the two primary re-
sponses been individually monitored, both would have been dynamic. But in 
two other spindles activated by this axon only chain fibres were depleted, and 
we would have to regard the responses f rom these as static. However, this would 
lead to a situation where the same axon was producing different types of re-
sponse f rom different spindles, and all previous reports (Crowe and Matthews, 
1964; Brown et al., 1965; Bessou et al., 1966) are to the effect that a fusimotor 
axon has the same action on the spindles that i t supplies. 
I t could be argued that in those spindles where a fusimotor axon innervates 
different types of fibre (i.e., in terms of the selective hypothesis, dynamic bag 
fibres and static bag fibres, or dynamic bag fibres and chain fibres), similarity 
of action is achieved by the effect of contraction in one fibre type overriding or 
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eliminating the effect of that in another. An explanation on these lines has 
been put forward to account for the action of those 7 axons which produce a 
dynamic response when stimulated at low frequency, and a static response 
when the rate of stimulation is increased (Emonet-Denand et al., 1972). But i t 
is d i f f icu l t to see how such overriding or elimination could operate at the same 
frequency of stimulation. In view of these uncertainties and contradictions i t 
seems to us that little further progress can be made until the function of a fusi-
motor axon is correlated with primary response and pattern of motor innerva-
tion in each spindle that i t supplies. 
I t would be helpful for all concerned if there could be a restatement of the 
functional properties of static and dynamic fusimotor axons. We need clearly 
defined criteria for classifying primary responses as static or dynamic, which 
take f u l l account of their behaviour during different frequencies of motor stim-
ulation and different methods of applying stretch. I f there are different kinds 
of static and dynamic axons, let these differences be specified in precise terms. 
Without such a restatement i t wil l be d i f f i cu l t to provide satisfying answers to 
the sort of questions posed by some of the recent histological findings. For 
example, are there any differences between the dynamic responses of cat, 
rabbit, and rat spindles that might be correlated with the differences in ultra-
structure of their bag[ fibres? Is the nature of the primary response affected 
in any way if i t is produced by the activation of more than one type of intra-
fusal muscle fibre? For example, is there any difference in the dynamic re-
sponse f r o m a cat spindle in which fusimotor activation is confined to a bag, 
fibre, to a response f rom one in which a bag2 fibre, or a long chain fibre, is 
activated in addition? 
EXPERIMENTS WITH BUPIVACAINE 
I f the long-lasting local anaesthetic bupivacaine (Marcain) is applied to the 
surface of a muscle, the superficial muscle fibres undergo rapid degeneration 
followed by complete regeneration (Sokoll et al., 1968; Benoit and Belt, 1970; 
Libelius et al., 1970). The action of the drug is specifically myotoxic and does 
not affect the motor innervation. I f bupivacaine combined with hyaluronidase 
is injected into a muscle, the whole muscle degenerates and then regenerates 
(Hall-Craggs, 1974). I t was not clear what happened to the muscle spindles 
in such circumstances, and i t seemed worthwhile to investigate since, i f the 
intrafusal muscle fibres were similarly affected, i t would provide an experi-
mental model for studying their development in the adult. The results of such 
an investigation have justified this hope and have unexpectedly provided a pos-
sible opportunity for using the model to discover the function of the nuclear 
bags and chains (Milburn, 1976a, b). 
The muscle used was adult rat peroneus longus. I t was injected with 0.5 ml 
of bupivacaine prepared in sterile 0.9% saline, solution containing 15 I U of 
hyalurpnidase, and then processed for electron microscopy at postoperative 
intervals varying f r o m 4 hr to 21 days. Degeneration of the intrafusal muscle 
fibres begins within 4 hr and is advanced after 2 days. The equatorial nuclei 
become disorganized and pyknotic and finally disappear so that after 2 days the 
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bags and chains in most spindles are absent. The muscle fibres ultimately be-
come reduced to tubes of often thickened basement membrane containing 
varying amounts of necrotic, filamentous and granular material. The satellite 
cells, however, survive this phase, and may become the myoblasts that partici-
pate in the subsequent regeneration. The spindle nerve supply is affected dif-
ferently according to whether it is sensory or motor. The motor innervation is 
litt le affected; the terminals simply withdraw f rom the degenerating muscle 
fibres and become invested by Schwann cells. But the sensory endings degener-
ate and the axon branches supplying them also show signs of necrosis. The cap-
sule and the periaxial space remain normal. 
Three days after injection phagocytes have infiltrated the degenerating mus-
cle fibres to remove debris, and myoblasts have appeared at their periphery 
within the basement membrane. Muscle fibre regeneration proceeds as the myo-
blasts fuse to become myotubes. By the end of the third week three types of 
muscle fibre have been fu l ly restored in the axial bundle with normal differ-
ences in size and ultrastructure, but lacking equatorial nucleation. Instead of 
bags or chains there is simply an occasional central nucleus lying in a thin bed 
of sarcoplasm. The motor innervation is restored, but the sensory endings that 
regenerate lack spirals and differ in ultrastructure f rom normal terminals. 
Thus the ultimate effect of bupivacaine injection is to produce "enucleated" 
spindles. The regenerating primary axon appears to lack the morphogenetic 
influence it possessed during development so that nuclear aggregations do not 
form at the site of reinnervation. The absence of nuclear bags and chains may 
in turn account for the failure of the regenerated terminals to develop annulo-
spiral configurations. By reducing the strength of the bupivacaine/hyaluroni-
dase injection i t may be possible to produce enucleation with minimal dis-
turbance to the sensory innervation. Such spindles could provide an experi-
mental model for the study of the part played by the nuclear bags and chains 
in the production of responses f rom primary and secondary endings. 
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D I S C U S S I O N 
B O Y D : Naturally I'm very interested in your glycogen depletion work, which seems to 
be the zone in which we are least well in accord. You mentioned that static gamma axons 
could deplete both types of nuclear bag fibre. It is important to know whether one type is 
depleted in one spindle and the other type in another spindle. How often are both types of 
bag fibre depleted? 
B A R K E R : We have two spindles where both are depleted. 
B O Y D : And only two bag fibres in those spindles, not three? 
B A R K E R : That's right. 
B O Y D : It was not clear to me how you identify bagi and bag2 in your glycogen prepara-
tions. 
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B A R K E R : There are two main ways. One is by the profile in non-depleted areas compared 
with normal controls. Secondly, by bonus points like dissociation in the equatorial region, 
which certainly distinguishes the bag[ very nicely, and also length and diameter, though we 
would never rely on length and diameter alone. 
B O Y D : Then I understand you cannot directly correlate your bagi~bag2 classification with 
electron microscopy? 
B A R K E R : That's precisely what we've done. Once you've got your index, once you've cor-
related diameter with histochemical profiles and with ultrastructure, then you just subtract 
ultrastructure and you've got the other features there. You can confidently identify the bag 
fibres. 
B O Y D : I won't pursue that further, but this is an area which we feel is debatable. 
MATTHEWS: How confident are you about the glycogen depletion technique being a 
method of uniform sensitivity in detecting activity of intrafusal muscle fibres? The bag| 
fibre, by having very little glycogen to begin with, may be an unduly sensitive indicator of a 
very small amount of bag( contraction. Are you perhaps sharpening a small amount of motor 
innervation of bagi into apparently a rather large effect? 
B A R K E R : There is regional variation in all the enzyme activities we've looked at, not just 
with glycogen. In the region where bag! n a s the dM structure you do get occasional low 
stretches in the normal glycogen profile, but we are confident from our controls, particularly 
in fresh-frozen material, that there is a difference between blanching from activation and 
the paleness of these normal low stretches. 
Paper 9. 
R.W. Banks, D. Barker, P. Bessou, B. Pages & M.J. Stacey (1976) 
Serial-section analysis of cat muscle spindles following observations of the effects of 
stimulating dynamic riisimotor axons. 
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[From the Proceedings of the Physiological Society, 2-3 July 1976 
Journal of Physiology, 263, 1S0-1S1P] 
Serial-section analysis of cat muscle spindles following obser-
vation of the effects of stimulating dynamic fusimotor axons 
B Y R. W. B A N K S , D . B A R K E R , P. B E S S O U , B . P A G E S and M . J . S T A G E Y . 
Department of Zoology, University of Durham, Durham DH1 3LE, and 
Laboratoire de Physiologie, Universite Paul Sabatier, 31077 Toulouse Cedex, 
France 
Tenuissimus spindles were prepared i n Toulouse as for cinematographic 
analysis (Bessou & Pages, 1975) i n order to detect the sites of focal con-
tract ion elicited by the repetitive s t imulat ion of single dynamic y axons. 
Eleven contraction sites were located i n seven spindles 2-05-4-10 m m f r o m 
the equator. Each contraction occurred as a focus of sarcomere shortening 
i n the extracapsular region of a nuclear-bag fibre. I t s position was marked 
on a photograph of the l iv ing spindle preparation. 
A f t e r f ixa t ion i n glutaraldehyde the preparations were sent to Durham 
for histological analysis. Serial 1 fim transverse sections were cut for l ight 
microscopy, and, at selected intervals, t h in sections for electron microscopy. 
Muscle-fibre types were identified on the basis of length, diameter, equa-
tor ia l nucleation and position (Banks, Harker & Stacey, 1976), and 
distr ibution of associated elastic fibres (Gladden, 1976). Motor terminals 
were identified as p 2 plates on the basis of s imilar i ty i n ultrastructure w i t h 
tha t described for p 2 plates previously stained w i t h methylene blue 
(Barker, Banks, Harker, Mi lburn & Stacey, 1976). 
Surprisingly, only 2 of the 11 contraction sites coincided w i t h the 
location of a p 2 plate; these were situated on bag x fibres. Five other sites 
were 'plateless', but in these spindles p 2 plates were located on bag x fibres 
1-04-2-55 mm nearer the equator; 3 of these plateless sites coincided w i t h 
an adhesion between the bag fibres and a blood vessel. No motor endings 
were found at the remaining 4 contraction sites; sectioning 0-4-2-5 m m 
(mean 1-43 mm) on either side has so fa r failed to reveal any. The absence 
of endings f r o m some contraction sites may possibly be associated w i t h the 
presence of adhesions. I f sarcomeres are shorter i n adhesion regions than 
elsewhere, the electrotonic spread of potential, or, eventually, the propaga-
t ion of action potentials towards the poles, would result in their preferential 
shortening (Huxley & Peachey, 1961), thus imi ta t ing a focal contraction 
occurring beneath a p 2 plate. 
Incidental observations have been made on the dis t r ibut ion of secondary 
endings. Six secondaries were distributed as follows (equatorial location 
indicated according to Boyd, 1962): three Sx endings innervated al l three 
muscle-fibre types; one S2 ending innervated bag t and chain fibres, another 
chains only; one S3 ending innervated chains only. 
[P.T.O. 
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Intrafusal branching and distribution of primary and secondary 
afferents 
B Y R . W . B A N K S , D . B A R K E R and M . J . S T A C E Y . Department of Zoology, 
University of Durham, Durham DH1 3LE 
The intrafusal branching and dis t r ibut ion of three pr imary and four 
secondary afferents have been ascertained f r o m serial 1 transverse 
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Fig. 1. Branching and distribution of primary and secondary afferents 
supplying cat tenuissimus spindles. Black branches supply bag! fibres 
exclusively. 
sections of cat tenuissimus muscle spindles (Fig. 1). The branching patterns 
of the pr imary afferents provide an anatomical basis for the suggestion 
(Hulliger, Matthews & Noth , 1977) tha t there are two or more com-
[P.T.O. 
peti t ively interacting pace-makers controlling the static and dynamic com-
ponents of the primary-ending response. These could be located i n each 
first-order branch so that a pr imary ending would possess one dynamic 
and one or two static pace-makers. B y comparison a secondary ending 
would usually possess only static pace-makers, w i t h the possibility of some 
modulation by dynamic input . 
Each afferent illustrated supplied terminals to every muscle fibre. Of 
three fur ther secondary afferents, two were distr ibuted to chain fibres 
(GS 8, S 2; GS 9, S 3), one to bag x and chains (GS 8, Sj) . I n the pr imary endings 
unmyelinated preterminal branches were distributed to each bag fibre, but 
whereas some chain fibres received them, others were supplied by sensory 
cross-terminals only. Contrary to the assumptions made by R u d j o r d & 
Rommetvedt (1970) , there were no obvious differences between the 
terminals on bag fibres and those on chains. 
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A study of mammalian intrafusal muscle fibres using a 
combined histochemical and ultrastructural technique 
R. W . B A N K S , D . VV. H A R K E R A N D M . J. S T A C E Y 
Department of Zoology, University of Durham, South Road, 
Durham, DH\ 3LE 
(Accepted 8 June 1976) 
I N T R O D U C T I O N 
The presence of two types of nuclear-bag muscle fibre in mammalian muscle spindles 
is suggested by recent evidence f r o m histochemical and ultrastructural studies, 
reviewed by Barker (1974). However, some doubt remains as to the exact properties 
of the nuclear-bag fibre population, since the various techniques used in these studies 
have not been applied to the same spindle (Barker & Laporte, 1975). 
I n this study we have established the histochemical profiles of intrafusal muscle 
fibres f rom various hind limb muscles of the cat, rabbit and rat and correlated these 
with the ultrastructure of the same fibres. The technique involved the collection of 
groups of serial frozen sections for histochemistry, alternating with single, much 
thicker sections for electron microscopy. 
Preliminary observations (Banks, Barker, Harker & Stacey, 1975) have shown that 
two types of nuclear-bag fibre occur in the spindles of all the muscles studied, usually 
one of each type. These have been designated ' b a g t ' and 'bag.2' on the basis of their 
ATPase staining reactions, fol lowing the nomenclature of Ovalle & Smith (1972). 
Variations in histochemical profile along the length of individual intrafusal muscle 
fibres were found, and the bag fibres also showed regional differences in ultrastructure. 
M A T E R I A L S A N D M E T H O D S 
Material was obtained f r o m the tenuissimus (TEN), peroneus longus (PL) and 
peroneus digiti quinti (PDQ) muscles of an adult cat and an adult rabbit, and f rom 
the PL, PDQ and soleus (SOL) muscles of an adult rat. 
Thir ty four spindles were examined, all of the spindles being incomplete to a 
greater or lesser extent. The sample was distributed as follows: cat, 6 spindles 
(2 T E N , 2 PL, 2 PDQ), mean number of intrafusal fibres 6-8 (range 6-8); rabbit, 
13 spindles (2 T E N , 1 PL, 10 PDQ), mean number of intrafusal fibres 4-4 (range 
4-5); rat, 15 spindles (5 SOL, 6 PL, 4 PDQ), mean number of intrafusal fibres 
4-1 (range 3-6). 
The muscles were removed immediately post mortem and frozen in isopentane 
cooled to - 160 °C with liquid nitrogen. Serial frozen sections were cut on a cryostat 
f r o m portions of each muscle. Groups of about ten 15/mi thick sections for the 
application of histochemical techniques were collected alternately with single 60/<m 
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20 /im 
1 I 
CJ 
H & E P'ase ATP PAS EM H & E 
Fig. J . Diagrammatic illustration of the sectioning technique. Groups of 15 /tm thick sections 
were cut for histological and histochemical processing. The histological sections were stained with 
haematoxylin and eosin (H & E ) to monitor the progress of sectioning. The histochemical 
sections were processed for (i) phosphorylase (P'ase), (ii) ATPase after alkaline preincubation 
(ATP), (iii) periodic acid-Schiff (PAS). Alternating with these sections a 60 ftm thick section was 
cut for electron microscopy (EM). 
thick sections for ultrastructural study (Pierobon Bormiol i & Schiaffino, 1974) as 
shown in Figure 1. 
Histochemistry 
The histochemical profiles of the intrafusal muscle fibres were established using 
three staining techniques: myofibrillar ATPase fol lowing alkaline pre-incubation 
(Guth & Samaha, 1970); phosphorylase (Eranko & Palkama, 1961); and glycogen as 
shown by the PAS technique. 
I n addition some sections f rom each group of 15 /im thick sections were stained 
with haematoxylin and eosin in order to fol low the progress of sectioning. 
Electron microscopy 
Each 60 fim thick frozen section was fixed for 18 hours in 5% glutaraldehyde in 
0-1 M sodium cacodylate buffered at p H 7-2. The sections were washed in the buffer 
solution, post-fixed for 2 hours in 1 % osmium tetroxide buffered at p H 7-2 in 0-1 M 
sodium cacodylate, washed in buffer, dehydrated through a graded series of 
ethanols, immersed in propylene oxide and finally embedded in Epon. 
Sections were cut on an L K B Ultrotome or a Reichert O M U 3 , stained with uranyl 
acetate and lead citrate and examined wi th an AET EM801 electron microscope at an 
accelerating voltage of 80 kV. 
Reconstructions 
Several spindles were reconstructed diagrammatically using data obtained f r o m 
the histochemically stained sections. Cross sectional areas of intrafusal fibres were 
measured on calibrated micrographs using a planimeter. From each of these values 
the diameter of a circle having the same area was calculated and the diameters thus 
obtained were plotted against the positions of the corresponding sections. 
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Table 1. Histochemical staining reactions in three regions of intrafusal muscle fibres 
classified into bagx, bag2 and chain types 
(Values are average numbers of points awarded on a scale 0 (absent), 1 (low), 2 (medium), 
3 (high). The number of regions sampled is given in parentheses after each value.) 
A B C 
ATPase 
Rabbit 
Bag! 0-7) 1 0 ) 1-4 (12) 
Do™ i .Q I m\ ~>.q ' na\ i.o i Bag 2 1-9} (17) 2-9} (19) 2-81 
Chain 
Rabbit 
Rat 
2-5 J 30 J 2 - 7 | ' U J J 
Rat 
Bag, 1-31 1 1 ) 1-7 (6) 
>-7 ! 
lain 2-l) \ 
Cat 
Bag, 2-7 (9) 2-  (19) 2-6 (5) 
Ch 7J 2-9J 3-0 (2) 
Chain 2 
Bag! 10 ) 1-0) 1-31 
Bag 2 1-8 (6) 20 (7) J-7 (3) 
SJ 3-oJ 2-7J 
Rabbit 
Bag, 0-91 1-3-j 2 0 (13) 
Bag, 1-6 (16) 21 (19) 2 01 
P'ase 
Chain 1 -9 J 3-0J 2-9} ( 1 4 ) 
Rat 
Bag, 1-41 2U 2-1 i 
Bag, 1-4 (18) 1-8 (17) 1-61 
Chain 1-5 J 3-oJ 2-6 (5) 
Cat 
Bag, 1-4-) 1-8-) 171 
Bag, 1-6 (5) 1-8 (5) 2 0 (3) 
Chain 1-8 J 30 J 30 J 
PAS 
Bag, 1-21 2-2-, 2 - l J ( 1 1 ) 
Bag, 10 (16) 1-4 (17) 1-
Chain 1-2 J 2-9 J 2-9 (10) 
Bag, 1-71 1-9-j 2-31 m 
1-9 (7) 1-5 (13) 1-71 w Bag, 
Chain 1-7 J 1-9 J 2 0 (1) 
Cat 
Bag, 1-0-1 1-3] 1-7 
Bag, 1-7 (3) 1-5 (6) 1-7 (3) 
Chain 2-OJ 3-oJ 3-OJ 
R E S U L T S 
Histochemistry 
I n order to facilitate the description of regional variations the muscle spindle was 
considered as comprising three regions arbitrarily defined by the equatorial nuclea-
tion and by the condition of the capsule, namely A , the level f r o m the equator to 
the equatorial end of the periaxial space; B, that part of the polar region enclosed by the 
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capsule; C, the extracapsular part of the polar region. Some results f r o m regions A 
and B have been reported previously (Banks et al. 1975). Each section was assigned 
to its appropriate region and the staining intensities of the intrafusal fibres were 
estimated on a scale of 0 (absent), 1 (low), 2 (medium), and 3 (high). This is similar to 
the grading system used before (Banks et al. 1975) of 0, + , + + and + + + , but has 
the advantage that the results f r o m a number of spindles can be easily pooled, thus 
taking account of any variations without making the presentation of results too 
cumbersome. 
In every spindle examined two types of nuclear-bag fibre (one of each type) were 
distinguished, whereas the nuclear-chain fibres, usually more than one per spindle, 
formed a homogeneous group. 
The histochemical profiles of muscle spindles f r o m different muscles of the same 
animal did not show any consistent differences and the results f o r each region f r o m all 
the muscles were therefore combined. The results for each of the three species are 
given in detail in Table 1. 
Comparison of the results f r o m different species showed that the ATPase staining 
reactions were the most consistent. The nuclear-bag fibres were therefore classified 
on the basis of this reaction as bag : fibres (those with relatively low ATPase activity) 
and bag, fibres (those wi th relatively high ATPase activity) (Ovalle & Smith, 1972). 
The fol lowing general observations apply to all three species unless otherwise 
stated. In each type of intrafusal fibre the staining intensities produced by each 
histochemical method vary along the length of the fibre. Staining intensities in 
region A are usually lower than those of the polar regions B and C. 
With the ATPase method, in rabbit and rat spindles, bag 2 fibres are indistinguish-
able f rom chains over most of their lengths (Fig. 3). I n cat spindles bag fibres almost 
always show a lower ATPase intensity than chains (Fig. 11). I n all three species the 
differences between the ATPase intensities of bag! and bag 2 are most marked in 
regions A and B. The greater similarity in region C is due mainly to increase in the 
intensities of bag x fibres. 
Wi th the phosphorylase reaction, differences between the three types of intrafusal 
fibre were most marked in rabbit spindles (Fig. 2). Bag! and bag 2 fibres were not 
clearly differentiated in rat and cat spindles wi th this method. Nuclear-chain fibres 
usually stained purple and nuclear-bag fibres brown, indicating that nuclear-bag 
fibres possess a branching enzyme not present in nuclear-chain fibres (Swanson, 
1948). 
Figs. 2-5. Photomicrographs of a series of closely adjacent transverse sections through region B 
of a rabbit tenuissimus spindle. These should be compared with the diagrammatic illustration of 
the sectioning technique shown in Fig. ] . Note the relatively large diameters of the chain fibres. 
Fig. 2. Phosphorylase staining intensity of the bag, fibre (Aj) is low. of the bag2 fibre is medium 
and of the chains (c) is high. 
Fig. 3. Staining intensity of myofibrillar ATPase following alkaline preincubation is low in bagj 
and high in bag, and chains. 
Fig. 4. PAS staining intensity of the bag! fibre is medium, of the bag2 fibre is low and of the chains 
is high. 
Fig. 5. A 60 //m thick section embedded in Epon showing the intrafusal fibres identified from the 
adjacent histochemically stained sections. 
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I n rabbit and rat spindles bag 2 fibres usually contained less glycogen than bag x 
fibres (Fig. 4), the difference being more apparent in rabbit spindles. I n rabbit and 
cat spindles the chain fibres contained more glycogen than either bag x or bag 2 
fibres. 
Electron microscopy 
Comparison of the thick, Epon-embedded sections with the adjacent histochem-
ically stained sections enabled each intrafusal fibre in the thick sections to be assigned 
with certainty to its appropriate fibre type (Fig. 5). Conditions for the preservation 
of fine structure were not optimal. Membrane systems, particularly sarcoplasmic 
reticulum, seemed the most susceptible to damage and observations were 
restricted to regions where these were intact. Dur ing fixation contraction could 
not be opposed and the sarcomeres of intrafusal and extrafusal fibres were greatly 
shortened. However, the sarcomeres of bagx fibres were consistently longer than 
those of bag 2 fibres, chain fibres and extrafusal fibres (Figs. 6-9; Fig. 10). I n all three 
types of intrafusal fibre the A bands were 1 -5 /im wide and the Z lines 75 nm thick, 
which is comparable to the thickness of the Z lines of extrafusal intermediate fibres 
of the rat (Schiaffino, Hanzlikova & Pierobon, 1970). 
The condition of the M lines provided conspicuous differences between the 
intrafusal fibre types. Two major conditions were recognized. Firstly, sarcomeres 
possessed an M line that appeared as a prominent single structure in low power 
micrographs, but wi th higher power a substructure of five parallel faint lines was 
seen. This condition is designated M . The M lines of extrafusal fibres were of this 
type. 
Secondly, sarcomeres possessed an M line consisting of two faint parallel lines. 
This condition has been designated d M . Sarcomeres in which no M line was visible 
were included in this type since they always occurred close to sarcomeres possessing 
faint double M lines (Fig. 8). I t is probable that the faint double line is only visible in 
suitably orientated myofibrils with straight sarcomeres (Ovalle, 1971). Both d M and 
M conditions were present in different regions of some intrafusal fibres, but the 
nature of the transition is unknown. Bag x fibres (Figs. 6, 8) were of d M type through-
out their lengths in rat spindles, whereas in rabbit and cat spindles they were of d M 
type i n the equatorial region and much of the polar region, but M type in region C. 
Bago fibres were always of d M type in the equatorial region and M type in the poles 
(Figs. 7, 9). The transition region corresponded approximately wi th the level A / B 
Figs. 6-9. Electron micrographs of longitudinal sections of nuclear bag muscle fibres, showing 
the variation in structure in different regions, Figs. 6-8 illustrate the dM condition and Fig. 9 
the M condition (see text). 
Note the varying degree of shortening of the sarcomeres produced by the fixation technique. 
Fig. 6. Rat: bu region A. No M line is visible in the pseudo-H zone (arrowhead). 
Fig. 7. Rat: b«, region A, As in the bx fibre, no M line is present in the pseudo-H zone (arrowhead). 
Fig. 8. Cat: b,, region B. A double M line is present in some sarcomeres (arrowed) but not in 
others (arrowhead). 
Fig. 9. Cat: b«, region B. An M line is present in each sarcomere (arrowed). 
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Fig. 10. Electron micrograph of longitudinal section of rat nuclear chain muscle fibre, showing 
the presence of an M line (arrow). 
Fig. 11. Photomicrograph of a transverse section through region A of a cat tenuissimus spindle, 
showing myofibrillar ATPase staining intensities: bY is low; bt medium and the chains (c) high. 
Note that b« is closely associated with the chains, whereas b^ is somewhat dissociated from the 
other fibres. 
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Fig. 12. Reconstructions of four rabbit spindles showing the relative dimensions of bag, fibres 
(white), bag, fibres (stippled) and chain fibres (black). Note that the vertical scale is twice the hori-
zontal. PDQ, peroneus digiti quinti; TEN, tenuissimus; T. tendinous insertion of spindle; X, 
end of sectioning. 
division. Chain fibres were of M type throughout the whole of their lengths (Fig. 10). 
Using this criterion they were, therefore, indistinguishable from bag2 fibres in the 
spindle poles. 
Reconstructions 
Rabbit and rat spindles reconstructed as described above are shown in Figs. 12 
and 13. The diameter measurements used to prepare the reconstructions are sum-
marized in Table 2. 
Bag! and bag2 fibres are usually about the same length, but bag2 fibres are only of 
significantly greater diameter than bag! fibres in the rat. Chain fibres are usually 
shorter than bagj or bag2 fibres and are usually of significantly smaller diameter. 
]n the polar regions, however, the diameters of bagx fibres and chain fibres are 
not significantly different (Figs. 2-5). Similar results have been obtained for rabbit 
spindle poles by Banks & James (1975). All types of intrafusal fibre taper over long 
distances of the polar regions before ending. This has the effect that the mean 
polar diameters are usually smaller than the corresponding mean equatorial 
diameters, despite the fact that the maximum diameters are often found in the 
poles. This is particularly apparent in rabbit chain fibres. 
In the equatorial regions of cat spindles the chain fibres are often closely associated 
with the bag2 fibres whereas bag2 fibres are clearly separated from the two other types 
(Fig. 11). 
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Fig. 13. Reconstructions of four rat spindles. For explanation see Fig. 12. All spindles from PDQ. 
DISCUSSION 
The present work clearly establishes the presence of three types of intrafusal fibre 
in mammalian muscle spindles. However, the three types cannot always be different-
iated on the basis of any single technique, whether morphological, histochemical or 
ultrastructural. Application of any one technique to the muscle spindle usually 
results in the inclusion of two of the types within a single group. It is perhaps for 
this reason that the view that there are only two types of intrafusal fibre has persisted 
for so long (Matthews, 1972). The implications of the new classification are far-
reaching and earlier results may need to be re-interpreted, particularly with regard to 
the innervation of the muscle spindle. 
Previous attempts to correlate the histochemical and ultrastructural properties of 
intrafusal fibres have all involved certain assumptions since the different techniques 
have been applied to different spindles. It is clear that in many cases the assumptions 
made were incorrect, so that ultrastructural and morphological properties were 
sometimes ascribed to the wrong histochemical type. In the present work no such 
assumptions have been necessary. Earlier classifications of intrafusal fibres and 
attempts to correlate their histochemical and ultrastructural properties are sum-
marized in Table 3 and are compared with the present classification. 
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Table 2. Mean diameters (± standard error of the mean) of intrafusal muscle fibres 
from the equators and poles of rabbit and rat muscle spindles 
(All measurements in /tm. Values of P for the null hypotheses (mean diameter fibre .Y) = (mean 
diameter fibre y) are given.) 
Equator Pole 
RABBIT 
Ba g l 180±0-62 15-1 + 0-42 
.Bag. 18-6±0-75 16-7±0-54 
Chain 14-5±0-40 14-4 ±0-48 
Ho P P 
Bag! = bag.. N.S. N.S. 
Bag! = chain < 0 001 N.S. 
Bags = chain < 0 001 < 001 
RAT 
Bag! 12-3±056 11-3 ±0-59 
Bag.. 18-7 + 2-30 14-4±0-69 
Chain 9 1 ± 0 61 9-4 ±0-38 
Ho P P 
Bag! = bag.. < 0 05 < 001 
Bagi = chain < 001 N.S. 
Bag2 = chain < 001 < 0 001 
It is possible that those classifications which involve more than three types of 
fibre have arisen because of the occurrence of regional variations in intrafusal fibres. 
Variations in both histochemical and ultrastructural properties of intrafusal fibres 
are clear from the present work. Also Yell in (1974) has noted variations in ATPase 
activity and Banker & Girvin (1971) found that nuclear-bag fibres, which had M 
lines in the polar regions, lost them in the equatorial region. Other changes in the 
contractile apparatus reported by Banker & Girvin (1971) have not been seen in this 
work. Harriman, Parker & Elliott (1975) have found acid-stable ATPase activity 
restricted to the polar regions of nuclear-chain fibres, but present throughout one 
type of nuclear-bag fibre in human spindles. 
In addition to those listed in Table 3, several authors have described more than two 
types of intrafusal fibre. The evidence was histochemical (Ogata & Mori, 1962, 1964, 
mouse, rat, cat and human spindles; Wirsen & Larsson, 1964, mouse spindles; 
James, 19716, rat and guinea-pig spindles) and morphological (Cuajunco, 1927, 
1940, pig and human spindles; Barker & Gidumal, 1961, cat spindles; Ogata & 
Mori, 1962, 1964; James, 19716; Maynard & Tipton, 1971, rat spindles). Also 
Banks & James (1973) described three types of intrafusal fibre from guinea-pig 
lumbrical spindles on the basis of their diameters and ultrastructure in the equatorial 
region. There was a large fibre of type dM and two types of small fibre, one of type 
dM and one of type M. On the basis of the present work, these may be equated with 
bag2, bagx, and chain types respectively. It is interesting that the equivalent of the 
bag2 and bag! fibre types described by Banks & James (1973) did not possess a well-
developed nuclear bag. 
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Table 3. Classifications of intrafusal muscle fibre types compared 
with the present classification 
Author, type of study and 
experimental animal 
Original 
classification 
Probable 
equivalent 
Boyd (1962), morphology, cat 
Yellin (1969), histochemistry, rat 
Barker & Stacey (1970), histochemistry 
and morphology, rabbit 
EM 
Barker, Harker, Stacey & Smith (1972), 
histochemistry and EM, rabbit 
Morphology 
James (1971 a), histochemistry, rat; 
Banks (1971), histochemistry, 
rabbit 
Ovalle & Smith (1972), histochemistry, 
monkey and cat 
Milburn (1973), histochemistry and 
morphology rat 
EM 
Arendt & Asmussen (1974), 
histochemistry, rat, rabbit, cat, 
guinea-pig 
Banks & James (1975), histochemistry, 
EM and morphology, rabbit 
Nuclear bag 
Nuclear chain 
A 
B 
C 
(One other type) 
Nuclear bag 
Nuclear chain 
Intermediate 
Nuclear bag 
Nuclear chain 
Intermediate 
Nuclear bag 
Nuclear chain 
Intermediate 
Nuclear bag 
Nuclear chain 
Intermediate 
1 
2 
3 
Ba g l 
Bag.. 
Chain 
Typical bag 
Intermediate bag 
Chain 
Typical bag 
Intermediate bag 
Chain 
2 J 
31 
4j" 
1} 
1 
2 
3 
I Ba g l 
\Bag, 
Chain 
Bag, 
Bagt 
Chain 
Bag, 
Bag, 
Chain 
Bag, 
Bag! 
Chain 
Bag, 
Bag, 
Chain 
Bag, 
Bag, 
Chain 
Bagt 
Chain 
Bag, 
Bagt 
Bag! 
Bag, 
Chain 
Bag, 
Bagi 
Chain 
Bagi 
Bag, 
Chain 
Bag, 
Bag, 
Chain 
Chain 
Bag, 
Bag, 
The two types of ultrastructure present in intrafusal fibres have been described by 
a number of workers (see Barker, 1974, for review). Nuclear-bag fibres have usually 
been correlated with the dM type and nuclear-chain fibres with the M type. It is clear 
from the present work that this is only true in the equatorial region and that in the 
polar regions the bag fibres change from dM to M except the rat bag,, fibre. Banks & 
James (1975) have shown that in the polar regions of rabbit spindles the dM type 
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(i.e. bagO contains a significantly smaller volume proportion of mitochondria than 
the M type. No attempt was made to subdivide the M type into bag2 and chain fibres. 
The three types of intrafusal fibre have been found to arise sequentially during 
development in the order bag2, bag!, chain (Milburn, 1973 and personal communica-
tion). Bag! and chain fibres each develop in association with the older bag., fibre and 
separate from this fibre after the fusion of their constituent myoblasts. In the 
equatorial region of adult cat spindles the chains often continue to be quite closely 
associated with bag2. The development of intrafusal fibres involving three generations 
of myotubes is very similar to the pattern of extrafusal development (Milburn, 1973), 
as is strikingly suggested by comparison of the neonatal cat spindle (Scalzi & Price, 
1971, Fig. 11) with developing rat extrafusal fibres (Kelly & Schotland, 1972, Fig. 3). 
SUMMARY 
A direct correlation of the histochemical and ultrastructural properties of intrafusal 
muscle fibres has been achieved by cutting frozen serial sections for histochemical 
applications (15 /tm thick sections) and for electron microscopy (60/tm thick sec-
tions) in a repeating sequence. 
Three types of intrafusal fibre were recognized, including two types of nuclear-
bag fibre, designated bagi and bag2. In addition to histochemical and ultrastructural 
differences, the three types of fibre differed in length and diameter. Regional variations 
of histochemical and ultrastructural properties were found. 
The results are compared with previous attempts to correlate histochemical and 
ultrastructural properties of intrafusal muscle fibres based on indirect methods. 
The authors wish to thank Professor D . Barker and D r Alice Milburn for helpful 
discussions during the preparation of this paper. The work was supported by a grant 
from the Medical Research Council. 
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SUMMARY 
I . Eleven cat tenuissimua spindles have been analysed mainly by cutting serial, 
transverse, 1 fim thick sections following direct observation of the effects of dynamic 
motor (y or /?) stimulation. 
2. Histological results from these spindles were also used to interpret the effects 
off static fusimotor stimulation of other spindles. 
3. Dynamic motor stimulation usually produced contractions seen as convergent 
movements of sarcomeres in single bag fibres, identified as bag, fibres for reasons 
gi ven in the text. 
4. I n one spindle a single dynamic axon produced a translations! movement in 
one pole of a bag, fibre and a convergent movement in each pole of a bagg fibre, 
tc gether with movements in other unidentified (presumably chain) fibres. Subsequent 
analysis showed that besides innervating both bag fibres the axon also supplied two 
cl iain fibres. 
5. Contrary to expectation, motor endings on the bag t fibres seldom occurred at 
the sites of convergent movement. Only two cases of coincidence occurred among 
sixteen foci and twenty-one motor endings; otherwise focus and nearest ending were 
separated by distances of 0-85-2-5 mm. 
6. Most of the convergent movements of sarcomeres observed in bagj fibres 
occurred, in a region of the pole that is ultrastructurally distinct from the region 
where most of the motor endings were located. The possible relevance of this to the 
production of contractions in the bagj fibre is discussed. 
| 7. Convergent movement foci in bag2 fibres produced by the stimulation of static 
axons occurred largely within the same regions of the pole as the motor endings 
wjere located, though, whereas foci were observed in both intra- and extracapsular 
regions, most of the endings were intracapsular. 
INTRODUCTION 
Repetitive stimulation of single dynamic y axons elicits junctional potentials in 
intrafusal muscle fibres (Bessou & Pages, 1972), and is seen to produce one or 
several foci of sarcomere shortening in nuclear-bag muscle fibres (Boyd, Gladden, 
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McWilliam & Ward, 1973: Bessou & Pages, J975). Bessou & Pages (1975) suggested 
that such foci represent local contractions, pointing out that the region in the spindle 
pole where.they are observed is largely coincident with that from which, junctional 
potentials have been recorded. 1 
The main purpose of the present study was to exaniine the infrastructure of the 
sites of observed contraction produced by dynamic fusimotor stimulation in order 
to determine the identity of the muscle fibres and motor endings involved. Wh'en 
the experiments began the existence of two types of nuclear-bag fibre in marnmali'an 
spindles had been generally recognized, though there was some doubt as to how to 
classify them into two types. We assumed that they could be identified as ' t y p i c i l ' 
or 'intermediate' mainly.on the basis of the presence or absence of an M line | in 
longitudinal section (Barker, Harker, Stacey & Smith, 1972). However, the results 
of early experiments proved this to be untenable, and led to other work in whicll a 
technique for the combined histochemical and ultrastructural study of individual 
spindles (Banks, Barker, Harker & Stacey, .1975) established reliable criteria for the 
recognition of two types of bag fibres, bagx and bag2, as recently described by Banks, 
Harker & Stacey (1977). These criteria were accordingly adopted, together with the 
difference in distribution of elastic fibres associated with the two tj^pes, as elucidated 
by Gladden (1976). j 
I n an initial series of twelve experiments the intention was to observe and examine 
the sites of contraction produced by stimulating single dynamic y axons. Barker, 
Stacey & Adal (1970) suggested that such axons terminated in p 2 plates, which thuy 
described as possessing wide and shallow post-synaptic folds. We expected to find 
such plates present at each contraction site, but, as reported in a preliminary accou: i t 
of the work (Banks, Barker, Bessou, Pages & Stacey, 1976), i t soon became obvio is 
that most sites lacked any kind of motor ending. The histological analysis th us 
became a matter of relating the contraction site to the motor, innervation of the bag 
fibres in the. activated, pole. Since bag fibres have been described as receiving all 
three types of fusimotor ending (Barker et al. 1970), the endings supplied by the 
stimulated axon could only be satisfactorily identified by mapping out the distrib u-
tion of all the fusimotor axons supplying the spindle pole: 
I t so happened that the first contraction site sectioned was associated with a motor 
ending. This occurred in only one other instance among eighteen sites examine :!. 
In both cases the post-synaptic membranes were smooth, and the terminals belonged 
to plates whose ultrastructiire was very similar to that of p 2 plates previously located 
and photographed in spindles stained with methylene blue (Barker, Banks, Harker, 
Milburn & Stacey, 1976a). Though this correlation provided a useful standard, 
experience proved that the identity of fusimotor terminals could not reliably be 
ascertained solely on the basis of the presence or absence of post-synaptic folding. 
This feature could only be evaluated in the context of the full.analysis. 
I n a second series of eight experiments we endeavoured to incorporate methylene-
blue staining into the experimental procedure after the observation of intrafusal 
contractions and before fixation of the spindle for electron microscopy. This proved 
unsuccessful, but data were obtained on the sites of observed contraction produced 
by a further two dynamic motor axons, as well as fifteen static y axons. j 
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METHODS 
Experimental procedures. T w e n t y experiments were performed in Toulouse on adult cats 
anaesthetized wi th Nembuta l ( 4 0 m g / k g given i .p. , followed by smal l amounts injected i .v . 
as necessary). E a c h experiment was carried out on a spindle located in the distal ha l f of a 
temiissimus muscle, the neuromuscular preparation being the same as that described b y Bessou 
a n d Pages (1972). T h e l a pr imary axon, and from one to six single motor axons innervating the 
spindle, were prepared by splitting L 7 and S I dorsal and ventra l roots. T h e static or dynamic 
funct ion of the motor axons was determined by observing the effects produced by their repetitive 
100/sec stimulation on the response of the pr imary ending to ramp stretch (Matthews, 1902). 
T h e spindle was prepared in the manner described by Bessou & Pages (1975) for the observa-
tion of intrafusal contractions produced by the repetitive (2—110/sec) st imulation of singlo fusi-
motor axons. Identif icat ion of /? axons, as in the case of the dynamic motor axon isolated in 
experiment 6, depended on detecting the contractions produced by their stimulation both wi th in 
the spindle and among neighbouring extrafusal muscle fibres. T h e possibility that some of the 
otl or dynamic motor axons isolated had a skeleto-fusimotor distribution cannot be excluded 
sinue (i) some of the extrafusal muscle fibres covering the spindle that were removed in order to 
facilitate observation m a y have been innervated by branches of the isolated axon; (ii) branches 
of the isolated axon m a y havo innervated extrafusal muscle fibres some distance a w a y from 
thd area of dissection and observation, so tha t their contractions would have escaped detection; 
an 1 (iii) the conduction velocities of the axons ranged from 26-4 to 39-4 m/sec , and axons wi th in 
this conduction velocity range have been identified at fi (Bessou, E m o n e t - D d n a n d & Lapor te , 
1965). T h e conduction velocity range of the static motor axons was 27-0-53-0 m / s e c ; we assume 
that these axons were y since no static /? axons have been reported as conducting at these speeds, 
and the indications are that the static /? component of fusimotor innervation is restricted to axons 
wi th conduction velocities above 85 m/sec (Harker , J'ami, L a p o r t e & Pet i t , 1977). 
T h e position of each convergent movement focus produced by st imulat ing the isolated motor 
axons was registered by measuring its distance from the point in the equatorial region where the 
spindle nerve crosses the periaxial space and reaches the inti'afusal bundle. Sarcomere move-
ments are seen throughout the pole converging towards this focus. T h e positions of prominent 
nerves and blood vessels were s imilarly registered. T h i s information was subsequently marked 
onl a photograph of the spindle preparation taken at this stage using a x 4 or x 10 objective. 
Fol lowing photography, unsuccessful attempts .were made in experiments 13-20 to stain the. 
spindle with methylene blue in order to observe the type and location of the motor endings on 
the act ivated intrafusal muscle fibres. 
Histological procedures. T h e procedures relating to the fixation of the spindle, its despatch 
to | D u r h a m and its preparation thero for histological analysis , were as described by B a r k e r , 
Bessou, J a n k o w s k a . Pages & Stacey (1978), except that post-fixation in osmium tetroxide was 
included. 
Sectioning was restricted to the spindles in experiments 1-10 and 12 and was carried out 
either on an L K B Ul tra tome U M 1 or.a Reichert O M U 3 ultramicrotome. T h e typo of sectioning 
employed in the examination of each spindle (skip-sorial transverse, serial transverse or serial 
longitudinal) is indicated in F i g . I . Sections approximately 1 /tm thick cut for light microscopy were 
stained with 1 -7 % toluidine blue in I -7 % borax or a saturated solution of jo-pheriylene-diamine in 
methanol. Serial sections of spindles in experiments 1-4, 5 (in part) 7,8 and 10 were cut on the L K B 
Ul tratome and collected in batches of about five to twonty'on glass slides. T h e last section of each 
batch was collected separately since the order of the other sections was not a lways known. Since 
every section was collected and examined, and since the smallest motor endings occupied fifteen 
to twenty transverse sections, or about five longitudinal ones, we are confident that every motor 
ending present was detected. T h e thickness of transverse sections was estimated by counting the 
number of sections cut between a given pair of structures marked on the photograph of the 
lining spindle, thereby obtaining a mean section thickness for tha t distance relative to the l iving 
spindle. No correction for longitudinal shrinkage due to processing was therefore necessary. 
Ser ia l sections of spindles in experiments 5 (in part ) , 6, 9 and 12 were cut on the Re icher t ultra-
microtome and collected on strips of cover-glass in ribbons of ten, five such strips being mounted 
oil each gloss slide. Section thickness was assumed to be the nominal 1 /tin provided b y the 
graduated knife-advance control on the microtome. Longi tudinal shrinkage averaged 8 % as 
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estimated by comparing distances between pail's of structures in the l iv ing preparation with the 
nominal distances provided by summing section thicknesses. T h i s correction lias been applied to al l 
measurements quoted for spindles 5, 6, 9 and 12. 
Reconstruct ions of spindles 0, 9 and 12 wore made from photographs (enlarged x 4£) of each 
section taken on 35 m m film wi th a Zeiss Ul traphot using x 40 or x 100 planapo objectives. 
A n y doubtful points were checked on the original sections. Myel inated axons were traced wi th 
easo, often for some distance back into the supplying nerve trunks . Owing to their smal l dia-
meters non-myelinated axons could not a lways be located in every section, part icularly where 
they coursed between layers of the capsule. 
Sections for electron microscopy were cut at selected sites, stained with u r a n y l acetate and 
lead citrate, and examined wi th an A . E . I . EM801 electron microscope at an accelerating voltage 
of 80 k V . 
RESULTS i 
Observation of intrafusal contractions 
The effects of stimulating thirty motor axons innervating twenty tenuissimus 
spindles were observed. Sixteen of the axons (conduction velocities 26-4—44-1 m/s<3c) 
had a dynamic action; one of these (conduction velocity 44-1 m/sec) was identified 
as a fi axon since i t elicited both intrafusal and extrafusal contractions. The remaining 
axons (conduction velocities 27-0-43-0 m/sec) were static. I n thirteen spindles the 
contractions studied were produced by one motor axon (dynamic in ten experiments, 
static in three), in five spindles by two axons (dynamic in two experiments, static, in 
three) and in two spindles by both static and dynamic axons. 
Sarcomere movements of both convergent and translational types (Bessou & 
Pages, 1975) were observed, the latter almost exclusively in chain fibres. Table 1 
shows the type of muscle fibre (bag or chain) activated in each spindle, the occurrence 
of translational movements, and the distance of each convergent movement focus 
from the equatorial reference point. Movements were usually restricted to one pole 
of the spindle, whether elicited by static axons (as in eleven of fourteen stimulated) 
or dynamic ones (as in eleven of sixteen stimulated). I n two experiments the effects 
of stimulating two dynamic axons supplying the same spindle were observed. I n 
each experiment both axons activated the same pole, and the site of the convergent 
movement focus elicited by each axon was located at the same distance from the 
equatorial reference point (see Table 1, experiments 5 and 11). In experiment |12 
a dynamic axon was seen to activate both bag fibres present in the spindle as well 
as other unidentified (presumably chain) fibres. I n two other experiments (17 and 18) 
one bag fibre was activated by a dynamic axon, whereas contractions in the other 
bag fibre present were elicited by either one or two static axons. 
A total of twenty-four convergent foci were observed in those experiments in 
which the stimulation of a dynamic axon activated one bag fibre only (i.e. all except 
experiment 12). The distances of these foci from the equatorial reference point 
ranged from 2-05 to 4-34 mm (mean 3-51 mm). The activation of bag fibres by static 
axons, on the other hand, produced thirteen convergent foci that were mostty located 
nearer to the equatorial reference point; thus twelve were located at distances of 
between 1-22 and 2*90 mm (mean 1-94 mm), and only one was observed further 
away at 4-20 mm. Five foci elicited by static axons in chain fibres were located at 
distances of 0-8-2-08 mm (mean 1-49 mm). 
INTRAFUSAL CONTRACTIONS AND MOTOR INNERVATION 609 
T A B L E 1. L o c a t i o n of intrafusal contractions observed in cat tenuissimus spindles on st imulating 
single static or d y n a m i c motor axons 
i 
, T h e letters A , B are used to indicate the activation of separate bag fibres in a spindle, 
i or the act ivat ion of the same bag fibre in both poles. C . v . conduction velocity, tr , transla-
• t ional movements of sarcomeres; numbers following indicate number of chain fibres 
i showing such movements; t r * indicates that such movements were observed in a number 
of unidentified fibres. 
Occurrence of translational movements; distance (mm) of 
i convergent movement foci f rom equatorial reference point 
C . v . ( in/sec) r A 
of stat ic (S) Prox imal pole fibres D i s t a l pole fibres 
E x p t . a n d or d y n a m i c A A t t 
spindle no. (D) axon B a g C h a i n B a g C h a i n 
1 3 5 0 D 2 0 5 — — — 
2 30-5 D 4-15 — — — 
! 3 3 6 1 D 3-82 — — — 
4 30-9 D — — 3-32 — 
5 a 36 0 D A 3-68 — A 3-90, 4-10 — 
b 34 0 D A 3-68 — — — 
0 44-1 D (/?) A 3-90 — A 2-90 — 
7 3 8 1 D 2-28, 3-35 — — — 
8 33-7 D A 3-10 — A 3-64 — 
9 39-4 D — — 3-82, 4-05 — 
10 34-5 D 4-34 — — — 
11 a 26-4 D — — A 3-34 — 
b 30 0 D A 2-80, 3-40, 3-80 — A 3-34 — 
1 1 2 29-1 D — t r * A t r — 
B 1-00 — B 1-25 — 
1 13 ? S t r t r 2-4 2 0 2 — 
14 27-0 S — — — tr 3 
15 a 42 0 S 1-80 t r * — — 
b 36-2 S — — 1-36 tr 2-3 
16 a T S 2-70 tr 1-3 — 0-80 
b ? S — 1-85, t r 2-3 — — 
i 17 a 33-7 D A 3-60 — — — 
b 32 0 S B 4-20, 1-34 tr 1-2 — — 
18 a 28-0 D — — A 3-84 — 
6 33-3 S — — — 2-80, t r 
c 43 0 S — — B 2-90, 2 52 — 
<*32-5S — — — 1-38, t r 
e 35 0 S — — B 1-92 — 
19 35-5 S 1-22 — 1-33, 2-35 tr 2 
' 20 a ? S — 1-34 — — 
6 ? S 1-78 tr 1-2 — — 
Histological analysis of spindles activated by dynamic motor axons 
'Numbers of motor endings on bag and. chain fibres. Each spindle examined possessed 
one bag! fibre, one bag2 fibre, and either four or five chain fibres. Analysis of the 
motor innervation of three spindles (6, 9 and 12) and one half spindle (5) recon-
structed from serial transverse sections showed that the poles of chain fibres received 
fewer endings than those of bag fibres. Two of thirty chain-fibre poles received no 
motor innervation; among the rest the usual provision was one ending, the maximum 
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three. The minimum supply to fourteen bag-fibre poles, on the other hand, was two 
endings, the maximum four (see Table 2). i 
Location of motor endings on activated intrafusal fibres. Glycogen-depletion experi-
ments have shown that when dynamic y or fi axons activate a single bag fibre in a 
spindle i t is always a bagi n D r e (Barker, Emonet-Denand, Harker, Jami & Laporte, 
19766, 1977). Of the spindles examined histologically (1-10 and 12) we may there-
fore assume that the single bag fibres activated in experiments 1-10 were bagj fibres. 
During the experiment on spindle 12 i t was observed that the bag fibre activated 
in the distal pole only (A in Table 1) lay close to an intramuscular nerve trunk 
coursing alongside, whereas the bag fibre activated in both poles (B in Table 1) lay 
further away. Thus orientated as we sectioned, we were able positively to identify 
fibre A as bagj and fibre B as bag2. 
T A B L E 2. Frequency of different numbers of motor endings per pole supplied to intrafusal 
muscle fibres in spindles 5, 6, 9 and 12 
N u m b e r of motor endings per pole 
F i b r e type 
B a g ! 
B a g 2 
Chain 
— — 5 1 
— — 4 3 
2 20 7 1 
T o t a l no. of endings: 71 
I n Fig. 1 the poles of the bag1 fibres activated in spindles 1-10 and 12 are repre-
sented as horizontal bars on which the observed sites of convergent foci and the 
location of motor endings, as ascertained by sectioning, are indicated according 
to their distances from the equatorial reference point. I n the case of spindle'112 
the bag2 fibre is similarly represented. The positions of sixteen convergent foci and 
twenty-one motor endings are shown on bag t fibres, and i t will be seen that focus 
and ending are coincident (to within 50/tm) in only two instances (in spindles 1 
and 7). Among the rest, focus and ending are separated by distances of between 
0-85 mm and 2-55 mm; in the case of spindle 5, in which stimulation of two dynamic 
axons produced the same focus in the proximal pole, two separately innervated 
endings la}' apart from the single focus at distances of 1-75 and 2-45 mm. Moreover, 
whereas the convergent foci were observed to occur at distances of between 2-05 mm 
and 4-34 mm from the equatorial reference point, the motor endings were located 
closer in at distances of between 1-15 and 3 05 mm. This feature is further illustrated 
F i g . 1. Schematic representation of nuclear-bag muscle fibres act ivated in cat tenuis-
s imus spindles by st imulation of single dynamic motor axons. Positions of observed con-
vergent foci (apposed arrows) and histologically located motor endings (filled triangles) 
are indicated according to their distances from the equatorial reference point. F i b r e s 
are of bag, type in spindles 1-10 and both bag, (6,) and bag 2 (h,) in spindle 12. T h e y are 
represented as horizontal bars in which filled regions indicate serial longitudinal section-
ing, open regions serial transverse sectioning (skip serial where lines interrupted). Where 
ultrastructure has been examined, condition of M line is indicated as M, present; dM, 
faint double line or absent; T, transit ional between M and dM conditions. 
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F i g . 1. F o r legend see facing page. 
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in Fig. 2A, B which compares the distances from the equatorial reference point of 
the sites of all convergent foci observed in bagx fibres in spindles 1-12, 17 and 18, 
with the sites of all motor endings located on the activated poles of bag t fibres in 
spindles 1-10 and 12. I n terms of the ultrastructure of bagj fibres the significant 
point to emerge is that, whereas most of the convergent foci are located in the extra-
capsular region, where the sarcomeres possess M lines (region C, M-type sarcomeres; 
see Banks et al. 1977), most of the motor endings are located in the intracapsular 
bag, fibres \ 
A a • • • • BBa ocfl oca a 
\to 8 . . . oS • I 
T t 
• e • • 
bag 2 fibres 
Q • K i t 
chain fibres 
E m 
F •« 
G 
H 
A ! A IV A A A A A 
A « B " C • 
i 1 1 1 1 
0 1 2 3 4 
Distance from equatorial reference point (mm) 
F i g . 2. A-F, location of convergent foci observed in cat teniiissimus spindles on st imu-
lating single motor axons, dynamic in A, C (open squares), static in C, E (filled squares), 
compared with motor endings histologically located on bag, fibres (B), bag 2 fibres (D) 
and chain fibres (F). A l l locations are indicated according to their distances from the 
equatorial reference point, and m a y be related to the intracapsular (A , B ) and extra-
capsular (C) regions of the pole; levels A / B and B / C are mean distances calculated from 
measurements made in spindles 6, 0 and 12. A, foci observed in bag, fibres in spindles 
1-12, 17 nnd 18. B, motor endings located on activated poles of bag, fibres in spindles 
1-10 and 12. Arrows labelled T indicate mean of four locations of transit ional dM/M-
type sarcomeres in bag, fibres. C, foci observed in the bag 2 fibre of spindle 12 and in the 
presumed bag 2 fibres in spindles 13 and 15-20. D, motor endings located on bag 2 fibres 
in spindles fl, 8, 9 and 12. E, foci observed in chain fibres in spindles 15, 16, 18 and 20. 
F, motor endings located on chain fibres in spindles 6, 9 and 12. G, intracellular record-
ing sites of junctional potentials elicited by stimulation of single dynamic motor axons. 
H, range of location of intracellular recording sites of junct ional and spike potentials 
elicited by st imulation of static motor axons. D a t a for G, H from Bessou & Pages, 
1972, F i g . 1, and B a r k e r et al. 1978, Tab le 1. 
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region where the sarcomeres lack M lines, or possess faint double ones (region B, 
dM-type sarcomeres). The two convergent foci that occurred nearest to the equa-
torial reference point (in spindles 1 and 7) were both located in a part of the fibre 
where the sarcomeres are transitional between dM. and M types. 
This marked discrepancy in the location of convergent foci relative to motor 
er.dings does not occur in bag2 fibres. Fig. 2C plots the location of convergent foci 
elicited by static axons in bag fibres (presumably bag2) belonging to spindles 13 and 
15-20. The two foci elicited by the dynamic axon in spindle 12 and positively 
identified as occurring in a bag2 fibre are also included. For comparison, Fig. 2D 
T A B U S 3. Distribution of motor axons innervating three spindles 
Data relevant to the dynamic axon stimulated in each experiment are shown in italics 
No. static (S) 
or dynamic (D) No. axons Muscle-fibre Proximal (p) 
Expt . and axons stimulated entering type(s) or distal (d) 
spindle no. in ventral roots spindle supplied pole supplied 
6 1 D (/?) 1 &i d,p 
2 S 1 b a P 
1 c d 
2 c P 
2 b2o d 
9 1 D 1 &i d 
1 bx P 
4 S 1 b a d 
1 c d 
1 b 2c d 
2 b 2c P 
12 lD(?y?) 1 h d 
1 d 
1 62o P 
1 W d 
3 S 1 b 2 d 
1 c d, p 
1 P 
shows the distances from the equatorial reference point of motor endings located by 
sectioning on bag2 fibres in spindles 0, 8, 9 and 12. Foci and endings are seen to 
occur largely within the same regions (B, C) of the pole, though there is some dis-
crepancy in that most of the endings are located in region B. 
| Distribution of motor axons innervating three spindles. In experiments 6, 9 and 12 
it was possible to compare the number of motor axons, static and dynamic, that 
activated a spindle on their being stimulated in the ventral roots, with the number 
of motor axons traced histologically to their entry and distribution within the same 
spindle. The data are summarized in Table 3, which shows that, whereas the number 
of ventral-root axons stimulated varied from three to five (total twelve), the number 
of axons found at spindle entry in each case was seven (total twenty-one). The higher 
number of axons found at entry may be accounted for partly by intramuscular 
branching, and partly by the failure to isolate all the supplying axons in the ventral 
roots. 
The distribution of the dynamic axon activated in experiment 12 is seen to involve 
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all three fibre types. It approached the spindle as three separate branches in an 
intramuscular nerve trunk that carried axons supplying extrafusal muscle fibres as 
well as the spindle. The fact that one of the branches contributed extensively to this 
extrafusal supply before spindle entay suggests the possibility that the stimulated 
axon may have had a skeleto-fusimotor distribution. The branch that activated the 
proximal pole of the bag2 fibre also innervated two chain fibres in the pole. | 
Of the five axons entering these spindles that belonged to the three dynamic 
axons stimulated in the ventral roots, four selectively innervated bag fibres (three 
bagx fibres, one bag2 fibre) and one innervated both bag2 and chain fibres. Two other 
axons selectively innervated bagx fibres in spindles 9 and 12; presumably they belong 
to dynamic axons that were not isolated for stimulation during the experiments. 
The nine static axons stimulated in the ventral roots provided fourteen at spindle 
entry, eight axons selectively innervating either bag2 (three) or chain (five) fibres, 
and six distributed to both bag and chain fibres (five to bag2 and chain fibres, one 
to bagx and chain fibres). 
Full details of these reconstructed spindles will be published in a separate paper. 
Ultrastructure of motor endings. The ultrastructure of sixteen motor endings 
innervating the activated poles of bagj fibres was examined. With one exception, 
the post-synaptic membranes of all these endings were smooth whether they were 
located on M, dM, or transitional dM/M-type sarcomeres. The exception was a plajte 
located on M-type sarcomeres in the extracapsular region of the distal pole of the 
bag1 fibre in spindle 12. This possessed small junctional folds and an obvious sole 
plate; these are features which, taken in conjunction with the source of the supplying 
axon, suggest a pj plate supplied by a ft axon. By contrast, the five endings located 
on dM-type sarcomeres supplied by the ft axon to the intracapsular region B in both 
poles of the bagt fibre in spindle 6 had smooth post-synaptic membranes and lacked 
sole plates. | 
The ultrastructure of the ending supplied to the proximal pole of the bag! fibre pi 
spindle 1 has been described and illustrated in longitudinal section by Barker et al. 
(1976a). It closely resembles that of similarly sectioned p 2 plates previously located 
and photographed in spindles stained with methylene blue. The ultrastructure j>f 
four endings transversely sectioned in spindles 7 and 8 could be interpreted as th^t 
of p 2 plates in the context of the experiments. However, a smooth post7synaptic 
membrane is not a diagnostic feature of p 2 plates, since it may also be present in the 
trail terminals of static axons on bag2 fibres. The myoneural junctions formed by 
such axons on bag2 or chain fibres may be either smooth or folded, with the deepest 
and most regular foldings occurring on chain fibres (cf. Barker el al. 1978). 
Correlation between dynamic motor innervation and dynamic 
primary-ending response 
Fig. 3 illustrates the responses of the primary endings in spindles 6, 9 and 12 to 
ramp stretch, with and without stimulation of the isolated dynamic motor axon that 
supplied each spindle. The greatest increase in the dynamic index is seen to be pro-
duced by the ft axon in spindle 6, which innervated both poles of the bagt fibre. In 
spindle 9, where only one pole of the bagt fibre was activated, the increase in dynamic 
index is less. The response of the primary ending in spindle 12 contains a smaller 
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100 
• t aTTP W W B 
100 
C 
100 — 
S p 9 0 -
100 
100 — 
Sp 12 
0 — 
100 
0-5 sec 
Fig. 3. A-F, responses of the primary endings in spindles 6, 9 and 12 to ramp-and-hokl 
stretch without fusimotor stimulation (A, G, E) and during repetitive stimulation, at 
100Hz, of single dynamic motor axons [B, D, F). The recordings are of the instantaneous 
frequency, of firing expressed in impulses/sec. Each spot represents one action potential 
from the primary ending, the vertical displacement being inversely proportional to the 
time between it and the previous spike. The lower trace shows the stretch of 5 mm 
amplitude applied at 20 mm/sec to the tenuissimus muscle. I n records B, D, F, the 
horizontal line between the instantaneous frequency and stretch records represents the 
period of stimulation of the dynamic motor axon. The conduction velocities of these 
axons and the types of intrafusal fibre they supplied in spindles 0, 9 and 12 may be found 
in Tables 1 and 3, respectively. The stimulated axon in B induced visible contractions of 
both intra- and extrafusal muscle fibres (skeleto-fusimotor or /? axon); in D contractions 
were seen only in an intrafusal muscle fibre (fusimotor or y axon); and in F contractions 
were seen only in intrafusal muscle fibres, but histological findings suggested that the 
axon also supplied extrafusal muscle fibres and may have been a /? axon. 
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static component than might be expected in view of the activation of bag2 and chnin 
fibres. The more regular firing of the primary ending of this spindle during the ramp 
stretch may be due to the activation of the bag2 fibre (see Emonet-D6nand, Laporte, 
Matthews & Petit, 1977). 
DISCUSSION 
We assumed at the outset of this study that the site of a convergent movement 
elicited in a nuclear-bag fibre by stimulating a dynamic, motor axon would, when 
sectioned, reveal the motor ending activated. We found, on the contrary, that motor 
endings were seldom present at such sites but lay a considerable distance apart from 
them. In bagj fibres the convergent movements, with only two exceptions, occurred 
considerably further from the equator than the motor endings, usualty in a region 
ultrastructurally distinct from that in which the endings were located (Fig. 2A, B). 
Intracellular recording in the region occupied by the motor endings (Fig. 20) has 
revealed only junctional potentials during dynamic motor stimulation (Bessou & 
Pages, 1972; Barker, Bessou, Jankowska, Pages & Stacey, 1978), and experiments 
in which the activated muscle fibres have been identified histologically, following 
injection with Procion Yellow, have shown them to be predominantly bag, fibres 
(Barker et al. 1978). How, then, is the excitation transmitted along these fibres from 
the endings to the sites of converge?it movement, sometimes over 2 mm awaj', in 
sufficient strength to cause a visible shortening? Koketsu & Nishi (1957) have 
calculated the length constant (A) of the frog intrafusal muscle fibre as 0-72 mm; 
if the value for the cat bag, fibre is similar, the depolarization at the convergent 
as 
& 
movement focus, assuming only junctional potentials to be involved, could be 
low as one twentieth that at the motor ending. Arbuthnott, Boyd, Gladden 
McWilliam (1977) suppose that the connexion is mechanical and brought about by 
stretch activation. They suggest that a motor ending in the intracapsular region 
elicits a convergent movement beneath it, and that the resultant shortening stretches 
the pole, which responds directly by contracting to produce another, more polar 
convergent movement at a site where there is no motor ending. Our results do not 
support this suggestion, since the location of the majority of motor endings (nineteen 
of twenty-one) in the eleven spindles analysed was not coincident with a convergent 
movement, and only in four of the nineteen poles of bag! fibres activated by dynamic 
axons was more than one convergent movement observed. 
We believe that the ultrastructural heterogeneity of the bag, fibre is an important 
factor affecting the situation. In the region where the motor endings are located the 
absence of M lines from the sarcomeres and the presence of junctional potentials 
during dynamic stimulation combine to suggest that this part of the bagx fibre is a 
slow sj'stem. However, in the region where the convergent movements occur the 
possibility that the bag, fibre behaves like a twitch fibre is suggested by the presen ce 
of M lines (Hess, 1970). As yet no intracellular recordings are available from this 
region. In the light of these considerations we have suggested (Banks et al. 1970) tl at 
the membrane of the muscle fibre may be electrically excitable in the extracapsli ar 
region where the convergent movements occur, and that it may propagate actiDn 
potentials if sufficient depolarization is produced by summation of junctional 
potentials. A convergent movement could then be produced by the preferential 
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shortening (Huxley & Peachey, 1961) of sarcomeres in a portion of the fibre where 
they were already shorter than their neighbours. There is also the possibility that the 
excitation-contraction coupling mechanism is more efficient where the convergent 
movements occur than where the motor endings are located. Some support for our 
sug gestions is provided by experiment 5 in which the individual stimulation of two 
dynamic axons activated separate plates on a bag x fibre in the intracapsular region, 
ana each produced a convergent movement located at the same extracapsular site. 
't is possible that the contraction of bag 2 fibres may be effected in a similar fashion. 
Thfe sites of the convergent movements produced by static stimulation in our experi-
ments were spread throughout the length of the pole, whereas the location of most 
of jthe motor endings was intracapsular (Fig. 2(7, D). This suggests that the sites of 
convergent movements are seldom coincident with those of endings, though there is 
noi ultrastructural heterogeneity present, as in bagj fibres, which could produce a 
marked displacement in their relative distribution. I t has been established by Barker 
et al. (1978) that static axons can elicit both junctional (seven examples) or action 
(one example) potentials in bag 2 fibres. 
Boyd, Gladden, McWilliam & Ward (1977) observed that in 'nuclear bag fibres 
controlled by dynamic y axons' (i.e. mostly bag x fibres) convergent movement foci 
occurred between 1-4 and 3-1 mm from the equator. This compares with our range 
in [bag! fibres of 2-05-4-34 mm. This discrepancy is difficult to explain, but may 
arise from the different sample size (eight in their work, fifteen in ours), variation in 
individual spindle length, and finally the degree of stretch applied to the preparation. 
JA. necessary basis for investigations which have made a cinematographic analysis 
of Jintrafusal contractions in living spindles (Bessou & Pages, 1975; Boyd & Ward, 
1975; Boyd, 1976; Boyd et al. 1977) has been the assumption that all contractions 
elicited by fusimotor stimulation produce visible movement open to unambiguous 
in ieipretation. That this may not always be so has been discussed by Bessou & 
P£,ges (1975). The limitations of the method and the difficulty of interpretation m&y 
explain why Boyd & Ward (1975) reported that in 40 % of the spindles observed by 
thsm the two bag fibres shared some innervation in common, though this was later 
denied by Boyd (1976). 
The glycogen-depletion studies of Barker et al. (19766, 1977) and the analysis of 
sub-categories of dynamic and static fusimotor action by Emonet-Denand, Laporte, 
Matthews & Petit (1977) have shown that, although dynamic motor axons (y and fi) 
predominantly innervate bag t fibres, they also occasion alty innervate bag 2 and 
chain fibres. Our results confirm this: among the three spindles most extensivety 
analysed (6, 9 and 12) the stimulated dynamic axon was distributed solely to the 
bug! fibre in two, but innervated all three fibre types in the third. We may also note 
that among the fourteen static axons, or axon branches, entering these spindles, 
thirteen innervated either bag 2 or chain fibres or both, and one was supplied to bag t 
and chain fibres (see Table 3). 
This investigation was financed by grants from the Medical Research Council and the Fonda-
tion pour la Recherche M^dicale Francaisc, whose support is gratefully acknowledged. 
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Sensory innervation of cat hind-limb muscle spindles 
B Y R . W . B A N K S , D . B A R K E R a n d M . J . S T A C E Y . Department of Zoology, University of 
Durham, Durham DH1 3LE 
R e c o n s t r u c t i o n s o f p r i m a r y a n d s e c o n d a r y e n d i n g s f r o m s e r i a l 1 fim t r a n s v e r s e 
s e c t i o n s o f t e n u i s s i m u s s p i n d l e s r e v e a l e d d i f f e r e n c e s i n t h e d i s p o s i t i o n o f t e r m i n a l s 
o n b a g ! ( b x ) a n d b a g 2 ( b 2 ) fibres, w h i c h c a n b e r e c o g n i z e d i n t e a s e d , s i l v e r p r e p a r a t i o n s . 
W e w e r e t h e r e f o r e a b l e t o e x a m i n e s u c h p r e p a r a t i o n s o f s p i n d l e s f r o m v a r i o u s h i n d -
l i m b m u s c l e s a n d a s c e r t a i n t h e d i s t r i b u t i o n o f p r i m a r y a n d s e c o n d a r y a f f e r e n t s t o 
b 1 } b 2 a n d c h a i n ( c ) m u s c l e fibres. 
A m o n g 245 p r i m a r y a f f e r e n t s , 204 h a d a b ^ c d i s t r i b u t i o n , 30 b 2 c , 4 b 1 c , 6 b 9 c , a n d 
1 hJo0_. R e s t r i c t i o n t o t w o fibre t y p e s o c c u r r e d i n d o u b l e p r i m a r y e n d i n g s ( t e n i n s a m p l e ) 
a n d i n t a n d e m l i n k a g e s i n w h i c h t h e b 2 fibre w a s c o n t i n u o u s f r o m o n e c a p s u l e , w h e r e 
i t w a s a c c o m p a n i e d b y b 1 a n d c fibres, t o a n o t h e r , i n w h i c h i t w a s a c c o m p a n i e d b y 
c fibres o n l y ( u s u a l l y t w o ) a n d u s u a l l y l a c k e d a n u c l e a r b a g . T h e d i a m e t e r r a n g e o f 
t h e b 2 c p r i m a r y a f f e r e n t s s u p p l y i n g t h e s e o n e - b a g - f i b r e s p i n d l e s w a s 2-9 fim ( p e a k 
4 (im). M o s t (82 % ) f e l l w i t h i n t h e s a m e d i a m e t e r r a n g e a s t h e b 1 b 2 c p r i m a r y a f f e r e n t s 
(4-12 fim, p e a k 6 /tm); t h e y w o u l d t h u s o v e r l a p i n c o n d u c t i o n v e l o c i t y , b u t w o u l d 
p r e s u m a b l y l a c k d y n a m i c s e n s i t i v i t y . T h e p r o p o r t i o n o f s u c h a f f e r e n t s s u p p l y i n g 
p e r o n e u s b r e v i s w a s 25-0% (9 o f 36), t e n u i s s i m u s 5-4% (4 o f 74), a n d s u p e r f i c i a l 
l u m b r i c a l 3-1% (1 o f 32). 
S p i n d l e s w i t h hl}h2, a n d c fibres m a y s o m e t i m e s h a v e m o r e t h a n o n e h1 fibre, r a r e l y 
m o r e t h a n o n e b 2 . A m o n g 204 b x b 2 c p r i m a r y a f f e r e n t s , 24 w e r e d i s t r i b u t e d t o s p i n d l e s 
w i t h t w o b x fibres, 2 t o s p i n d l e s w i t h t h r e e \ fibres, a n d 1 t o a s p i n d l e w i t h t w o b a g 
fibres o f e a c h t y p e . T h e p r o p o r t i o n o f s p i n d l e s w i t h m o r e t h a n o n e b l fibre w a s 26-7 % 
i n s u p e r f i c i a l l u m b r i c a l (8 o f 30), 11-5% i n p e r o n e u s b r e v i s (3 o f 26), a n d 6-3% i n 
t e n u i s s i m u s (4 o f 64). 
T h e d i s t r i b u t i o n o f 197 first-order b r a n c h e s o f 88 b 1 b 2 c p r i m a r y a f f e r e n t s w a s 
' s e g r e g a t e d ' i n 67-6 % ( i . e . t h e b r a n c h e s e x c l u s i v e l y s u p p l i e d e i t h e r b ^ o r b 2 a n d c , o r 
c fibres), a n d ' m i x e d ' i n 32-4%, a s f o l l o w s ( % ) : b l f 23-9; b 2 , 4-1; c , 11-7; b 2 c , 27-9; 
b ^ c , 16-2; b ^ , 13-2; b x b 2 , 3-0. M i x e d d i s t r i b u t i o n s o c c u r r e d m o r e f r e q u e n t l y 
a m o n g 22 s u p e r f i c i a l l u m b r i c a l a f f e r e n t s (77-2 %) t h a n a m o n g 29 t e n u i s s i m u s a f f e r e n t s 
(38%). 
M o s t s e c o n d a r y a f f e r e n t s t e r m i n a t e d o n a l l t h r e e m u s c l e - f i b r e t y p e s a s e n d i n g s 
l o c a t e d i n t h e S x p o s i t i o n . O f 273 s e c o n d a r y a f f e r e n t s , 73-3 % h a d a b x b 2 c d i s t r i b u t i o n , 
14-0% b 2 c , 8-0% b x c , a n d 4-7% c . T h e d i a m e t e r r a n g e o f 193 b ^ c s e c o n d a r y 
a f f e r e n t s w a s 1-7 jum ( p e a k 3 ju,m); 40-9 % f e l l w i t h i n t h e s a m e d i a m e t e r r a n g e a s t h e 
b j b o C p r i m a r y a f f e r e n t s . T h e m a x i m u m a r e a o f i n n e r v a t i o n o n b x fibres i n b 1 b 2 c 
s e c o n d a r i e s w a s t y p i c a l l y a b o u t h a l f t h a t s u p p l i e d t o b 2 fibres. 
Paper 14. 
R.W. Banks, P. Bessou, M. Joftroy & B. Pages (1979) 
Reflex responses of pools of gastrocnemius lateralis gamma-motoneurones elicited by 
ipsilateral sural nerve stimulation in the cat. 
J. Physiol. 296; 107P. 
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Reflex responses of pools of gastrocnemius lateralis y motoneurones elicited 
by| ipsilateral sural nerve stimulation in the cat 
B Y | R. W. BANKS*, P. BESSOU, M. JOFFROY and B . PAGES. Department of Physiology, 
Fa culty of Medicine, 31077 Toulouse Cedcx, France 
ieflex responses of intact a and y motoneurones of gastrocnemius lateralis muscle 
(L(J) to stimulation of the ipsilateral sural nerve, and their consequences on group I 
ana group I I afferent discharges from L G , were observed in decerebrate cats. Two 
electrodes, placed 4 mm apart on a thin branch of the L G nerve, each provided 
monopolar recording. Action potentials in each class of neurone were segregated 
ele jtronically according to their direction of propagation and conduction velocity 
(Jqffroy, 1 9 7 5 ) . The activity of each neuronal group was displayed as the instant-
aneous mean firing-frequency and was considered to represent that of the homo-
nymous pools contributing to the whole L G nerve. 
When present, responses of the y motoneurons always appeared as increases in 
their mean firing-frequency. This was brought about by increased activity of tonic-
ally firing axons and recruitment of previously silent ones, though simultaneous 
inhibition of some neurones cannot be excluded. Generally, a single stimulus was 
effective provided that groups I I I and IV were stimulated. However in half the 
experiments repetitive stimulation ( 2 - 4 stimuli; 10-50/sec) of group I I axons alone 
evoked a small increase (10-20 / sec ) of the mean firing-freqency. The amplitude and 
duration of the y reflex responses increased successively with the recruitment of 
groups I I I and IV, firing rates returning to initial levels some 3 - 1 5 sec after cessation 
of 'stimulation. Selective stimulation of group I I I or group IV fibres using anodal 
blocking of larger diameter axons (Accornero, Bini, Lenzi & Manfredi, 1 9 7 7 ) always 
increased the total y activity. This is in agreement with the results of Catley & 
Papcoe ( 1 9 7 8 ) obtained from single fusimotor fibres in the rabbit. 
Alpha and y motoneurones were generally co-activated, though the y response 
was earlier. The consequent isometric contractions were accompanied by increases 
in jthe mean firing-frequencies of group I and group I I afferent fibres in the L G 
nerve branch. The increase in group I activity probably resulted from the activation 
of muscle-spindle primary endings and Golgi tendon organs, whereas that of group 
I I can definitely be attributed to muscle-spindle secondary endings. In addition to 
activation by contractions of intrafusal muscle fibres, primary and secondary' 
endings of spindles may have been stimulated by the asynchronous contractions of 
asymmetrically located extrafusal motor units. 
\jVe acknowledge a grant from I N S E R M : A T P No. 297601. R . W . B . acknowledges a M . R . C . / 
INSJERM exchange fellowship. 
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R.W. Banks, P.H. Ellaway & J.J. Scott (1981) 
Responses of de-efferented muscle spindles of peroneus brevis and tertius muscles in 
the cat. 
J. Physiol. 310; 53P. 
[From the Proceedings of the Physiological Society, 12 September 1980 
Journal of Physiology, 310, 53 P] 
Responses of de-efferented muscle spindles of peroneus brevis and tertius 
muscles in the cat 
B Y R. W. BANKS, P. H. E L L A WAY and J . . J . SCOTT*. Departments of Anatomy and 
Physiology, University College London, Gower Street, London WC1E 6BT 
In a tandem muscle spindle one capsule may lack the bagj intrafusal muscle fibre. 
Nevertheless, the bag2 and chain fibres in that capsule do have a primary afferent 
ending (Banks, Barker & Stacey, 1979). These authors found a high proportion of 
such spindles in the peroneus brevis (PB) muscle of the cat and suggested that the 
primary endings lacking terminals on bagt fibres should have a low dynamic sensi-
tivity to stretch of the muscle. 
We have examined the responses of PB spindle afferents to ramp and hold stretches. 
The results were compared with those from similar experiments using peroneus 
tertius (PT), which was chosen because a comparison of its primary and secondary 
afferents was already available (Jami & Petit, 1979). Experiments were performed on 
adult cats anaesthetized with pentobarbitone sodium (Sagatal). The left hind limb 
was denervated extensively except for the appropriate muscle nerve. The muscle 
tendon was freed from its insertion and attached to an electromagnetic puller. 
Dorsal and ventral spinal roots L 7 and Si were cut ipsilaterally, and functionally 
single afferents were isolated in dorsal root filaments. Ramp stretches of 2-2-5 mm 
amplitude were applied to the muscle at velocities of 11 or 22 mm sec - 1. Maximum 
physiological length was not exceeded during stretch. Afferent responses were 
recorded for measurement of dynamic index (difference between peak firing rate 
towards the end of the ramp and at 0-5 sec after its completion) and static response 
(difference between firing rate before the ramp and that 0-5 sec after its com-
pletion). 
When dynamic index was plotted against conduction velocity of the afferent axon, 
spindle afferents could not, for either muscle, be separated into two groups corre-
sponding to primary and secondary endings. As was found by Jami & Petit (1979) 
for PT, plotting the ratio of dynamic index to static response against conduction 
velocity did produce more of a. separation with units conducting above 70 m/sec 
having the higher ratios. 
Further separation of the afferents was revealed when dynamic index was plotted 
against static response. No correlation was evident for the complete population but, 
for a given static response, an afferent conducting at more than 70 m/sec almost 
invariably had a greater dynamic index than a more slowly conducting afferent. 
In none of these plots for either muscle was a third group of afferents evident 
which might have indicated the presence of a particular group of primary endings 
with low dynamic sensitivity corresponding to the b2/chain endings of Banks, 
Barker & Stacy (1979). 
R E F E R E N C E S 
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Paper 16. 
R.W. Banks (1981) 
On the form of the Z-disk in skeletal muscle of the rat. 
J. Anat. 133; 157-159. 
[From the Proceedings of the Anatomical Society of Great Britain and Ireland, 
1-3 April 1981. J. Anal., (1981), 133, 1, p. 157-159] 
D.18. On the form of the Z-disc in skeletal muscle of the rat. By R. W. B A N K S . Department of 
Anatomy and Embryology, University College, London 
It has recently been shown that the networks of T-tubules in adjacent sarcomeres of frog muscle 
fibres are interconnected in a helicoidal manner (Peachey & Eisenberg, Biophys. J. 22, 1978). 
This presumably reflects a similar geometry of the sarcomeres themselves. I have examined the 
accessorius muscle of the hind foot of the rat to see if corresponding sarcomeric arrangements 
occur in mammalian skeletal muscle. Serial, 1 /tm thick plastic-embedded sections were cut 
longitudinally from muscles fixed under tension. The sections were stained with toluidine blue, 
and micrographs were used to make reconstructions of the Z-discs of portions of two muscle 
fibres, each containing about 13 sarcomeres. 
Deviations from a simple planar form of the Z-disc occurred by longitudinal displacement o-
corresponding parts of several adjacent discs. The complementary parts of the Z-discs defined 
sarcomeres of slightly different lengths, so that, when the number of sarcomeres in the myo-
fibrils adjacent to the displacement differed by one, the complementary parts were again in 
register. The visual effect was similar to that of a vernier measuring scale. 
Such 'vernier figures' were very commonly seen in any longitudinal section of the whole 
muscle; however, only in the reconstruction could the full complexity of the form of the Z-discs 
be realized. Thus, in some cases, corresponding parts of adjacent Z-discs were interconnected 
by the displaced complementary parts, producing helicoids with pitches of one or two sarco-
meres. Both vernier figures and helicoids reflect the same structural feature, that is local variation 
in relative sarcomere length. If there is any functional significance in the present observations 
it is probably to be sought in that variation. 
Paper 17. 
R.W. Banks (1981) 
The number and distribution of satellite cells of intrafusal muscle fibres in a muscle 
spindle of the cat. 
J. Anat. 133:694. 
[From the Proceedings of the Anatomical Society of Great Britain and Ireland. 
July 1981. J. Anat.. (1981), 133, 4. p. 694] 
D.9. The number and distribution of satellite cells of intrafusal muscle fibres in a muscle spindle 
of the cat. By R. W. B A N K S . Department of Anatomy and Embryology, University College 
London (Fig. 14) 
The numbers of satellite cells and their distribution on the three types of intrafusal muscle 
fibre (Banks et al. J. Anat. 123, 1977) have been determined in one pole of a cat tenuissimus 
spindle serially sectioned at 1 /tm intervals and stained with toluidine blue. Observations in 
selected regions of other spindles indicate that the results are generally applicable. Satellite cells 
were distinguishable from subsarcolemmal myonuclei by the presence around their nuclei of 
thin rims of palely stained cytoplasm, that continued beyond the ends of each nucleus as a 
gradually tapering, small eminence on the surface of the muscle fibre. Occasionally it was 
possible to confirm electron microscopically that these profiles were satellite cells. Mean length 
of the cells was 17-0 /tm (range 5-40 /tm, // = 121) though the true length was probably greater 
than this since the finely tapered ends of the cells may not always have been visible. 
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The Figure illustrates the cumulative total numbers of satellite cells for each of the three types 
of intrafusal muscle fibre. In this spindle there were four chain fibres, one bag! and one bag2 
fibre. Letters A, B, C refer to the periaxial space, the capsular and the extracapsular poles 
respectively. The length scale is approximately calibrated in mm and counts from the primary 
sensory ending. Note that the great majority of satellite cells occur on the bag2 fibre, with over 
ihalf the total on its extracapsular portion alone. There is a minimum density of cells on each bag 
fibre towards the end of the capsule as revealed by the slope of the curves. Of the five cells on 
.the chain fibres three were each common to two muscle fibres. It is noteworthy that the order 
bag,!, bag,, chain is the same both for developmental sequence (Milburn, / . Cell Sci. 12, 1973) 
and for decreasing numbers of satellite cells. 
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Structural aspects of fusimotor effects on 
spindle sensitivity 
R. W. B A N K S * , D. B A R K E R t AND M. J . S T A C E Y t 
SUMMARY 
The distribution of motor and sensory axons to the three types of intrafusal 
muscle fibre have been determined using reconstructions of serially sectioned 
spindles and teased, silver-impregnated, whole spindles. 
The results obtained from the analysis of fusimotor axons indicate that 
there is very little trail innervation, and a correspondingly low static input, 
distributed to bag, fibres. 
Whereas the S, secondary ending is predominantly distributed to chain 
fibres, it almost invariably also innervates both types of bag fibre. 
The variability of some histological features of primary and secondary 
innervation from four hindlimb muscles is described, and the significance of 
these findings discussed in relation to spindle sensitivity. 
INTRODUCTION 
The sensitivity of the sensory nerve endings in mammalian muscle spindles is 
controlled by the central nervous system via motor (y and /3) activation of 
intrafusal muscle fibres. It is now known that three types of intrafusal muscle 
fibre are normally present in each muscle spindle (Banks, Harker and Stacey, 
1977), and it is generally agreed that their different mechanical properties are 
important in determining the characteristics of the sensory response. Thus, 
the bag, fibre mediates the dynamic responsiveness of the primary ending, 
whereas the bag2 and chain fibres mediate its static responsiveness. Also, the 
secondary ending, which usually shows comparatively little dynamic sensi-
tivity, predominantly innervates chain fibres. Finally, dynamic fusimotor 
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neurons innervate bag, fibres whereas static fusimotor neurons innervate bag, * 
and chain fibres. 
There remains one major area of disagreement and that is whether or not 
static fusimotor-axons frequently innervate bag, fibres. Studies using the t 
glycogen-depletion technique suggest that they do (Brown and Butler, 1973; 
Barker et al., 1976; Emonet-Denand et al., 1980), but observation of living 
spindles during fusimotor stimulation indicates that bag fibres activated by 
dynamic axons (presumably bag,) are not also activated by static axons 
(Bessou and Pages, 1975; Boyd etal., 1977). 
This paper summarises recent results obtained from reconstructions of 
serially sectioned muscle spindles and from analysis of silver-impregnated, 
teased whole spindles. We discuss their relevance to spindle sensitivity and its 
fusimotor control. The results fall into two parts: first, the distribution of 
fusimotor axons to the three types of intrafusal muscle fibre, and second, 
some details of the histology of primary and secondary sensory endings. The 
preparative methods used in serial sectioning and reconstructions, and in the 
silver impregnation, are fully described elsewhere (Banks etal., 1978; Banks, 
in preparation; Barker et al., 1970) and only relevant details will be given 
here. All results were obtained from cat hindlimb muscles. The serial section-
ing was performed on tenuissimus muscles only. 
T H E INTRAFUSAL DISTRIBUTION O F FUSIMOTOR AXONS 
Serial, 1 /xm thick transverse sections of three almost complete spindles and 
one half-spindle were used to make schematic reconstructions of their somatic 
motor innervation. The results of the half-spindle were typical, and will be 
described here. 
Intrafusal muscle fibres were identified as nuclear-bag and nuclear-chain 
types by their lengths, diameters and equatorial nucleation. The bag fibres 
were further subdivided into bag, and bag, types by the dissociation of the 
bag, fibre from the others in the equatorial region and by the association of 
elastic fibres with the polar regions of the bag, fibre (figure 1). Neuro-
muscular junctions and their supplying axons, whether myelinated or un-
myelinated, were easily recognisable (figure 1) and readily traceable through 
successive sections. 
The reconstructed half-spindle was the proximal pole of spindle 5 in the 
study of Banks, et al. (1978). In this pole a bag fibre, presumably bag,, was 
activated by two dynamic y axons. Correspondingly, the bag, fibre possessed 
two motor endings, and each was supplied by an axon with no other intrafusal 
terminals in the pole (figure 1). Three other axons entered the pole, one 
ending in the periaxial space at some distance from the muscle fibres. Each of 
the remaining two axons supplied motor endings to the bag2 fibre and to two 
of the four chain fibres (figure 1). They were presumably static axons and may 
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be correlated with the trail innervation seen in silver-impregnated prepara-
tions (Barker etal., 1973). In the example of this half-spindle, therefore, there 
was no common innervation of bag, with either bag2 or chain fibres. In the 
three reconstructed whole spindles only one axon was found to supply a bag, 
fibre and another type of fibre (in this case a chain), whereas eight axons 
supplied endings to both bag2 and chain fibres (Banks, in preparation). The 
distribution of all 26 axons traced is given in table 1, and is illustrated 
schematically in figure 2. 
Table 1. Intrafusal distribution of fusimotor axons in three 
spindles and one half spindle (cat tenuissimus). 
Number of axons supplied to 
Muscle-fibre type one pole both poles Totals 
bag. 6 1 7 
bag 2 5 — 5 
chain(s) 4 1 5 
bag t and chain I — 1 
bag 2 and chain(s) 8 — 8 
26 
If the glycogen-depletion results are an accurate reflection of the innerva-
tion of the bag, fibre, virtually each one should be innervated by at least one 
static axon in addition to any dynamic axons. This is because, on average, 
each static axon depletes three out of five bag, fibres (Barker et al., 1976) and, 
since there are about three static axons to each spindle, the probability of at 
least one static axon innervating the bag, fibres is 0.94. Despite the small 
sample involved, our results clearly contradict this inference. It might be 
argued that some of the axons innervating bag, fibres in the reconstructed 
spindles also innervate bag2 or chain fibres in other spindles; however, this 
complication is not suggested by the glycogen-depletion results, and it is 
known that most fusimotor axons have the same action on different primary 
endings (Emonet-D6nand etal., 1977). It might also be argued that the axons 
from bag, and other fibres have not been traced sufficiently far back to reach 
their common origin; however, many such examples have been found for the 
bag2/chain system, and this is in complete accord with both glycogen-
depletion and direct observation of living spindles. 
In the recent classification of sub-categories of static and dynamic fusi-
motor action (Emonet-D6nand etal., 1977) the intermediate categories II to 
V were interpreted as arising from various degrees of common innervation of 
bag, with bag2 or chain fibres. Since about 30% of the responses fell in these 
categories a fairly high proportion of such common innervation would be 
expected, and this would be more or less consistent with the glycogen-
depletion results. However, in the light of our present findings we believe that 
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Figure 2 (continued opposite). Schematic representations of the innervation of the 
reconstructed cat tenuissimus spindles referred to in the text. Single asterisk in GS 9 
Innervation of the muscle spindle 11 
7 t o 
(>,** 
III 
i n n 
iTTPi 
i l l " 
GS12 
indicates uncertain identification of this mo 
12 indicates possibility that this axon may be 
— • 13 dynamic:p, plate 
— j y dynamic:p 2 plate 
1 JCstatic:trail 
E H bag, (6 , ) f ibre 
bag 2 (b 2 ) f ibre 
• • i chain(c) f ibre 
• < capsule limits 
yum 
i 
1 
GS5 
ir axon and ending; double asterisk in GS 
dynamic rather than /2 dynamic as shown. 
12 R. W. Banks, D. Barker and M. J. Stacey 
only the category III responses of Emonet-Denand et al. (1977) truly repre-
sent this occurrence, and if so this would indicate that about 5% of fusimotor 
axons have terminals on bag, as well as bag2 or chain fibres. It seems likely 
that these axons are either predominantly dynamic or static when taking their 
total distribution into account (Emonet-Denand etal., 1977). 
We conclude, therefore, that the incidence of static innervation (pre-
sumably via trail terminals) on bag, fibres is rather low, at least in tenuissimus 
muscle spindles. We are at present analysing the motor innervation of whole 
silver-impregnated spindles from a variety of hindlimb muscles in order to 
increase our sample size and to test the generality of the conclusion. It is our 
impression, at this preliminary stage, that trail endings rarely occur on 
bag, fibres. 
T H E SENSORY INNERVATION 
Two primary endings and one S, secondary ending were reconstructed iso-
metrically from serial, 1 /xm thick transverse sections. Detailed descriptions of 
these together with the reconstructions themselves will be published else-
where (Banks, Barker and Stacey, in preparation). The two primary endings 
were strikingly similar in several respects, namely the areas of contact 
between sensory terminals and each type of intrafusal muscle fibre; the form 
of the terminals, particularly the differences between those on bag, and bag2 
fibres; and the branching pattern of the afferent axons (Banks, Barker and 
Stacey, 1977). We then examined silver-impregnated, teased, whole spindles 
to see if these features were recognisable and, if so, how consistent they were. 
Spindles from four hindlimb muscles—peroneus brevis (PB), peroneus 
tertius (PT), superficial lumbrical (SL) and tenuissimus (T)—were used. The 
form of the terminals was the most consistent feature, and was readily 
interpretable in terms of that seen in the reconstructions. We were therefore 
able to identify bag, and bag, fibres in the silver preparations, relying on a 
constant relationship of sensory terminal form to muscle fibre type as one of 
several criteria. 
We have previously reported that in four primary afferent axons from 
tenuissimus spindles the first-order branches supplied bag, fibres separately 
from bag, and chain fibres (Banks, Barker and Stacey, 1977). The branching 
pattern of many primary axons could be ascertained from silver-impregnated 
spindles and we were able to compare this feature in a number of muscles 
(table 2). Various degrees of segregation were present, and the proportion of 
spindles in which complete segregation occurred varied between the different 
muscles. Also shown in table 2 are the proportions of spindles that contained 
two bag, fibres in addition to a bag, fibre. Again this varied in the different 
muscles investigated. 
All these features of the primary innervation are likely to have functional 
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Table 2. Primary endines in cat hindlimb muscles. 
Percentage with segregated Percentage innervating two bag\ 
distribution to bag\ fibres fibres (in spindles with three bag fibres) 
Muscle % segregated total counted c/c on two bag| fibres total counted 
Peroneus 
brevis 64 14 14 29 
Peroneus 
tertius 54 11 5 22 
Superficial 
lumbrical 30 23 29 28 
Tenuissimus 80 30 7 62 
correlates, but as yet the only one for which the relationship seems clear is that 
of the branching pattern of the axons and the occurrence of separate static and 
dynamic pacemakers (Hulliger and Noth, 1979). 
The reconstructed S, secondary ending possessed terminals on all three 
types of intrafusal muscle fibre, though those on the four chain fibres domi-
nated its appearance. Even so, 25% of the contact area between sensory 
terminal and muscle fibre occurred on the bag fibres (17% on bag2 and 8% on 
bag,). The branching pattern and distribution of four other S, secondary 
afferents were reconstructed and in each case the bag, fibre was included. 
When we were able to identify bag, and bag2 fibres confidently in silver-
impregnated material, we began an analysis of the secondary endings in whole 
spindles from four hindlimb muscles (PB, PT, S L , T ) . In terms of the distri-
bution to bag and chain fibres our results are similar to those of Boyd (1962). 
Most of the terminals of secondary endings were distributed to chain fibres, 
largely in the form of loose, widely spaced spirals and incomplete loops 
(figure 3(a)). On bag fibres the terminals were usually in the form of sprays 
(figure 3(a) and (b)) or claw-like configurations (figure 3(b) and (c)). 
Of all the secondary endings, only those in the S, position consistently 
innervated one or other bag fibre in addition to chains. Thus among 144 S, 
endings, 130 had terminals on all three types of muscle fibre, 11 supplied bag, 
and chain fibres and three supplied bag, and chain fibres. It was apparent that 
the area of contact between sensory terminals and muscle fibres was very 
variable in different endings. As a simple estimate of this variability, we 
counted the numbers of terminal branches on the bag fibres. The counting 
was restricted to 72 of the best silver-impregnated endings from 58 spindles. 
The sample included 79 bag, fibres and 70 bag, fibres. In each case the 
majority of bag fibres had between eight and 12 S,-terminal branches distri-
buted to them. The variability between muscles is illustrated in table 3 where 
the proportions of bag, and bag2 fibres possessing eight or more S,-terminal 
branches are given for four hindlimb muscles (PB, PT, S L , T) . The signifi-
cance of these results is difficult to assess in terms of the proportions of S, 
14 R. W. Banks, D. Barker and M. J. Stacey 
i n V 
i 
V 
t 
• 
t 
iy 
3 J*. 
i 
a 
3** 
Innervation o f the muscle spindle 15 
Table 3. Percentage of bag fibres receiving eight or more terminal branches from 
S| secondary endings. 
Muscle % bag] fibres total counted 9b bag, fibres total counted 
Peroneus 
bre vis 53 19 100 15 
Peroneus 
tertius 44 16 44 16 
Superficial 
lumbrical 69 16 92 13 
Tenuissimus 75 2S 65 26 
secondary endings supplied to bag fibres, since a similar count of terminal 
branches was not possible for chain fibres. However, as an approximate guide 
we may note that in the reconstructed ending described above there were 
about eight terminals on the bag, fibre and 18 on the bag, fibre. It seems, 
therefore, that in many S, secondary endings the bag, fibre alone may receive 
about 10% of the contact area of the ending. 
It is tempting to see in these results the structural substrate for the variable 
dynamic component in the responses of secondary endings. If this is so it is at 
first surprising that dynamic fusimotor stimulation has so little effect on 
secondaries (Appelberg et al., 1966). However, secondary terminals on bag 
fibres occur in regions of the muscle fibres that possess far more myofilaments 
than in the equatorial regions below the primary terminals. Dynamic fusi-
motor activation of bag fibres may not, therefore, have the same effect on 
secondary endings as on primary endings. This suggestion is supported by 
recent results of Jami and Petit (personal communication, 1980), who have 
found some secondary endings to be activated by dynamic axons, leading to 
an increase of static firing but without an increase in their dynamic indices. 
Received on August 1st, 1980. 
Figure 3 (opposite). Photographs of teased, silver preparations (method of Barker 
and Ip, 1963) of cat hindlimb muscle spindles illustrating features of sensory 
innervation. 
(a) Part of an S, secondary ending supplied to a tenuissimus spindle showing spray of 
terminals supplied to the bagl (b,) fibre on the right and loose spirals supplied to the 
chain fibres (c) on the left. II, secondary afferent. 
(b) Secondary afferent (II) supplies an S, secondary ending to a superficial lumbrical 
spindle. The terminals are distributed to the bag2 (b2) fibre on the left, the bag, (b,) 
fibre on the right, and the chain fibres (c) in the middle. 
(c) Equatorial region of a superficial lumbrical spindle supplied with an S, secondary 
ending (upper half) and primary ending (lower half). Focus adjusted so as to pick out 
bag! fibre (bj) and its primary (P) and secondary (S,) terminals. Ia and II, primary and 
secondary afferents. 
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I N T R O D U C T I O N 
j Mammalian muscle spindles contain three types of intrafusal muscle fibre, 
identifiable histologically (Banks, Harker & Stacey, 1977) and physiologically 
(Boyd, 1976). Each muscle spindle is usually innervated by a single primary sensory 
ending that has terminals on all the intrafusal muscle fibres. The response of the 
ending has static and dynamic components, sensitive to muscle length and rate of 
j:hange of muscle length, respectively. These two components are under largely 
independent control by the central nervous system via the fusimotor neurons, most 
pf which are identifiable as 'static' or 'dynamic' according to their action on the 
primary response (Emonet-Denand, Laporte, Matthews & Petit, 1977). The pattern 
of innervation of intrafusal muscle fibres by fusimotor axons is of considerable 
interest in understanding how this, control is effected. 
There is now general agreement that dynamic axons innervate bag! fibres almost 
exclusively, whereas static axons innervate bag2 and chain fibres, either separately or 
together (Barker et al. 19766; Boyd, Gladden, McWilliam & Ward, 1977; Barker 
et al. 1978). However, due to conflicting evidence from the different methods of 
investigation, there is still disagreement about the extent or occurrence of static 
fusimotor input to bag! fibres (Barker et al. 19766; Boyd et al. 1977). 
The present study provides direct histological evidence that the bag! fibre is only 
rarely innervated by static axons. A detailed description of one spindle-pole, together 
with a summary of the other results and the conclusions, has been published pre-
viously (Banks, Barker & Stacey, 1981). 
M A T E R I A L S A N D M E T H O D S 
Tenuissimus muscles of four adult cats were used. The results to be described were 
obtained from four spindles (numbers 5, 6, 9 and 12) that formed part of a series of 
combined physiological and histological experiments (Banks et al. 1978) where 
details of the methods of fixation, embedding and sectioning can be found. 
Serial, transverse, I /tm thick sections were cut, except in the region of the sensory 
endings in spindle 5, which was cut longitudinally. Every section containing part of a 
nerve terminal, sensory or motor, was photographed on 35 mm film with a Zeiss 
Ultraphot using x40 or x 100 planapo objectives (Fig. 1). At least every tenth 
section was photographed where other features of special interest occurred, namely 
sensory and motor axons and insertion of muscle fibres, and throughout three poles 
as far as the sectioning continued. Photomicrographs were enlarged x 4-5 from the 
negatives and were used to make two types of reconstruction: 
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(1) Schematic diagrams showing the branching of sensory and motor axons and 
their myelination, the location of sensory and motor terminals, lengths of intrafusal 
muscle fibres, limits of capsule and periaxial space, and locations of contraction foci, 
blood vessels, etc. recorded in the living preparations. Slightly simplified versions of 
these are given in Figures 2-4. 
(2) Semi-diagrammatic, isometric reconstructions of the motor nerve terminals. 
These were made by tracing the relevant features of each photomicrograph onto 
acetate film, using a coloured ink code to distinguish the various components. 
Adjacent drawings were placed along an inclined line to produce the required amount 
of spatial resolution. Since no external reference was available, the simplifying 
assumption was made that one part of the reconstruction always fell on this line. For 
the motor endings, the sarcolemma diametrically opposite the ending was assumed 
to intersect the line, since usually only one muscle fibre was involved and the total 
length was relatively small. The reconstructions were built up by drawing the 
envelopes of each group of ten tracings using the same colour code and finally making 
India ink tracings of the envelopes. 
A number of conventions of line thickness and shading were used in the final 
drawings. The standard line was that used to indicate the sarcolemma of intrafusal 
muscle fibres. Nerve terminals, nodes of Ranvier and unmyelinated axonal branches 
on the near side of the muscle fibres have been shown with the standard line and 
graded shading. On the far side of the muscle fibres (or on the near side where they 
were obscured by some other structure) they have been shown with fine lines and even 
shading. Those on the far side have been shown only in fine outline, when additional 
structures such as nerve terminals or axons were present on the near side of the 
muscle fibres. Myonuclei, as seen through sarcolemma, have been drawn with fine 
outlines and nucleoli have been shown as dots; as seen through the cut ends of 
muscle fibres they have been drawn with standard outlines. Satellite cells have been 
drawn with standard or fine outlines according to whether they were on the near or far 
side of the muscle fibres, respectively. They were usually fusiform in shape. Mye-
linated internodes have been shown with heavy graded shading where they did not 
overlie other structures of interest, and in broad outline where they did. Where they 
were themselves overlain, they have been shown in fine outline or else omitted, i f to 
have included them would have been too confusing. Schwann cell nuclei have usually 
been shown with nucleoli and with standard or fine outlines according to whether or 
not they were seen through the axons. Prominent folds, sharp curves and pro-
truberances on the near sides of axons and muscle fibres have been indicated by 
broad, standard or fine lines, as appropriate. 
The structures categorized as nerve terminals in the reconstructions of the motor 
endings included the flattened cytoplasm of the teloglial cells, which overlaid the 
terminals and which could not be identified separately in the photomicrographs. The 
teloglial nuclei and their immediately surrounding cytoplasm have, however, been 
omitted. 
Fig. 1. Transverse, 1 /im thick sections from the proximal pole of spindle 6, stained with 
toluidine blue. (A) Section 37, slide no. 120. In this mid-polar region ba'gt (bO, bag2 (b.)and the 
four chain fibres are enclosed by a prominent capsule (cap). A motor nerve ending (me) is present 
on chain 1 as well as the two bag fibres (cf. Fig. 2). Three myelinated fusimotor axons (one cut 
through the Schwann cell nucleus) are present at a. The arrow indicates a faint oval profile 
typical of those found to contain autonomic axons (see text). (B) Section 23, slide no. 140. In 
this extracapsular polar region bag a is closely surrounded by large elastic fibres (arrowed). 
Chain 4 has ended and a motor nerve ending is present on bag! (cf. Fig. 2). Scale bar is 10 pm. 
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Gaps in the reconstructions occurred where thin sections were cut for electron 
microscopy. They have been greatly exaggerated, actually being about 1-2 /*m wide. 
When a sole-plate was present in these regions its junction with the myofibrils has 
been indicated by a fine line. 
R E S U L T S 
Intrafusal muscle fibres 
Intrafusal muscle fibres were classified into nuclear bag and nuclear chain types on 
the basis of length, diameter and equatorial nucleation. Nuclear bag fibres were 
further subdivided into bag! and bag2 types on the basis of distribution of elastic 
fibres in the extracapsular region (Gladden, 1976), separation of bagx from the other 
intrafusal fibres in the equatorial region, and the occurrence of sarcomeres lacking 
characteristic M-lines in a much greater length of bagx than bag2 (Banks et al. 1977). 
Each muscle spindle possessed one bag l t one bag2 and four or five chain fibres. A l l 
but the shortest chain fibres extended beyond the polar limits of the capsules and 
every intrafusal muscle fibre was inserted into perimysium, none being directly 
inserted onto a capsule. Bag fibres of both types were about 10 mm long, the un-
certainty being due to the fact that few bag fibre poles were completely sectioned. 
Chain fibres were, on average, 4-60 mm long (range 3-15-6-25 mm, n = 13). 
Branching and distribution of fusimotor axons 
Schematic reconstructions of the motor innervation of spindles 6, 9 and 12 are 
shown in Figures 2-4. The 19 intrafusal muscle fibres were supplied by 22 axons or 
axonal branches, 7 each to spindles 6 and 12, and 8 to spindle 9. 
The six muscle fibres in the proximal pole of spindle 5 were supplied by four 
fusimotor axons (Banks et al. 1981). The distal pole of spindle 5 was not sectioned in 
the region of the motor innervation. 
Each intrafusal muscle fibre was innervated in both .poles except for chains 4 and 
5 of spindle 12, the distal poles of which were not innervated and, though of appar-
ently normal lengths, were of unusually small diameters. Only two axons were seen 
to supply both poles of a spindle (axon d of spindle 6 and axon n of spindle 12); 
though it is possible that more actually did so, the axons concerned not having been 
traced back to their common source. There is physiological evidence (Banks et al. 
1978) that one of the axons supplying the bagx fibre of spindle 5 innervated both poles. 
Most axons entering the spindles arose as branches of parent axons of slightly 
larger diameter in the intramuscular nerve trunk (11 of 14 in spindles 6 and 12). In 
each case, the branching node was very close to the origin of the spindle nerve. The 
parent axon continued in the intramuscular nerve trunk after branching, presumably 
to innervate other muscle spindles. It is possible that the three axons which did not 
branch in this way (axons h, k and m of spindle 12) were terminal, rather than lateral 
branches of parent axons. Also, two of these (axons h and k) possessed branches that 
entered nerves of apparently exclusively extrafusal distribution. Though these 
branches were not traced to their termination, it is possible that the axons were 
skeleto-fusimotor. 
On their approach to the spindles, and intrafusally, most of the axons (20 of 26) 
branched at least once, supplying up to eight neuromuscular junctions each (e.g. 
axon f of spindle 9). There was a tendency for the preterminal branches to be un-
myelinated, the axons becoming small in diameter (less than 1 /<m) when this 
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Table 1. Frequency of different numbers of motor endings per pole supplied to intra-
fusal muscle fibres in seven poles 
Number of motor endings per pole , •-
Fibre type 0 1 2 3 4 
B a g l — — 5 1' 1 
Bag 2 — — 4 3 — 
Chain 2 20 7 1 — 
Total number of endings: 71. 
B 
/•0-73 
Slope 0-49 
E 1 
4 
1 
x (mm) p (mm) 
Fig. 5. The location of motor endings on chain fibres in relation to the sensory innervation 
indicates a determinative role of the primary sensory ending. (A) The distances between the 
centres of the motor and primary sensory endings (y) plotted against the length of the muscle 
fibre pole (x), taking the centre of the primary ending as the equatorial limit. Mean values of 
y for poles without secondary endings (filled circles) with one secondary ending (open circles) 
or with three secondary endings (triangles) do not differ significantly from that for the whole 
sample nor from each other. This suggests that the secondary innervation does not noticeably 
affect the locations of the motor endings (but see below). The intercept of the regression line on 
x shows that the motor endings are not located at the mid-point of the pole but are biased 
towards the equator. (B) The distances between the end of all sensory innervation in each muscle 
fibre pole and the centre of the motor ending (or endings) in that pole (q) plotted against the 
length of the muscle fibre pole (p), taking the end of the sensory innervation as the equatorial 
limit. Symbols are as in (A). Mean values of q for poles without secondary endings, with one 
secondary ending or with three secondary endings differ significantly ( P : S i ; S 3 i S J or highly 
significantly (P :S 3 ) from each other, q for three secondary endings also differs significantly from 
the mean value for the whole sample. This confirms that the secondary innervation does not 
influence the locations of the motor endings, with the possible exception of the occurrence of 
three secondary endings on a short muscle fibre (the three triangles furthest to the left), when 
intermingling of the sensory and motor innervation would occur if the usual relationship 
obtained. 
occurred. Of the 26 original axons, 17 were selectively distributed to one type of 
intrafusal muscle fibre, 8 supplied both bag2 and chain fibres (there being at least one 
of this type in each spindle) and only one supplied a bagj and a chain fibre (axon h 
of spindle 12). This was one of those suspected of being skeleto-fusimotor, as 
described above. However, there was physiological evidence (see Banks et al. 1978) 
that axons g or k, and m and r or t of spindle 12, were all derived from a single 
parent axon, which would thus have a distribution to all three types of intrafusal 
muscle fibres in a single spindle. 
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Motor nerve endings 
The number of motor nerve endings that occurred in each pole of each fibre type is 
given in Table 1. Bag fibres always had at least two endings per pole and this was also 
the most frequent number for both bagx and bag2. However, the multiple endings in 
each pole of a bagx fibre were usually supplied by a single axon, whereas those of a 
bag2 fibre were usually supplied by two or three axons, of which at least one also 
supplied one or more chain fibres. 
Chain fibres most commonly possessed a single motor ending per pole, usually 
derived from an axon supplying other intrafusal muscle fibres, either bag or chain, 
in the same spindle. When two or, rarely, three endings were present, one was usually 
very small. 
The motor endings of the chain fibres showed a marked tendency to be located 
close to the mid-point of each pole, taking the equatorial limit to be the mid-point of 
the part of the primary ending on each intrafusal muscle fibre (Fig. 5). There was a 
slight tendency for the positions of the endings to be biased towards the equator. The 
slope of the regression line (0-49) is that which would be expected i f each pole were 
behaving like a single contractile unit, with the neuromuscular junction close to the 
mid-point, whatever the length of the fibre. This effect was particularly clear in the 
proximal pole of spindle 12 (Fig. 4) where there was a long chain fibre (i.e. about 
1 mm longer then the other chain fibres in that pole). This analysis could not be done 
for the bag fibres since they were rarely sectioned completely to their ends; however it 
was clear that in bag fibres, especially the bag2, there was a much greater equatorial 
bias in motor ending location than in the chain fibres. (For a detailed description 
and discussion of the relationships between bag fibre contraction and location of 
motor endings, see Banks et al. 1978). 
Twenty four motor endings, including all those on the bag! fibres, were recon-
structed isometrically (Figs. 6-10). They exhibited a range of form and size and no 
characteristics were found that would make it possible unequivocally to identify an 
ending as appropriate to a particular type of intrafusal muscle fibre. For example, 
only one ending (Fig. 7A) lacked sole-plate nuclei; and, if the axon was myelinated 
close to the ending, unmyelinated preterminal branches could arise from nodes as 
well as heminodes in the endings on any type of muscle fibre. However, some 
features were more commonly associated with the chain fibres than with the bag 
fibres. Thus, unmyelinated preterminal axons seemed to be more profusely branched 
to endings on chain fibres, and the muscle fibres themselves usually possessed quite 
prominent sole-plates, which were generally represented only by nuclei in the bag 
fibres. Five of the endings, forming the complete supply of the bag : fibre in spindle 6, 
were innervated by an axon known, from physiological evidence, to be skeleto-
fusimotor. However, there were no obvious differences between these endings and 
others on the bagx fibres (Figs. 6-8, 11 A, C). 
Despite the problem of the inclusion of teloglial cytoplasm with the terminals in 
the reconstructions (see Materials and Methods), it seems likely that the structures 
shown closely followed the gross form of the terminals since their profiles, adjacent 
to the gaps where ultrathin sections were taken, were very similar to those of the 
terminals as seen with the electron microscope (e.g. Figs 7 A, 11 A, B). 
In addition, it was found that the post-junctional membranes were often folded on 
the chain fibres and occasionally so on the bag2 fibres (Figs. 12 A-C). Only one ending 
on a bag! fibre showed any significant amount of folding and this was also the only 
bagi ending to possess a prominent sole-plate (Figs 8A, 11D). This ending was 
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so 
B 
SC 
ma 
Fig. 7. Isometric reconstructions of the distal (A, B) and proximal (C, D) motor endings on the 
bag, fibre of spindle 9 (cf. Fig. 3). (A) and (B) are the terminals of a dynamic y axon and there-
fore probably represent pt plates. The nature of the axon supplying (C) and (D) was unknown, 
but these may also be p 2 plates. An electron micrograph of a thin section from the gap indicated 
by the arrow in (A) is shown in Fig. 11A and B. This was the only ending that lacked sole-plate 
nuclei, sc, satellite cell; other lettering as Fig. 6. 
exceptional for a bag! fibre in that it occurred well within the region of M-type 
sarcomeres, whereas nearly all other bagi endings occurred on dM or transitional 
type sarcomeres (see Banks et al. 1978). The axon supplying the ending approached 
the spindle in an otherwise extrafusal nerve and it is quite possible that it was 
skeleto-fusimotor. However, none of the endings supplied by the known skeleto-
fusimotor axon in spindle 6 possessed significantly folded post-junctional membranes. 
Unmyelinated axons of very small diameters are known to occur in muscle spindles 
(Santini & Ibata, 1971) in addition to the larger, mostly myelinated axons supplying 
distinct neuromuscular junctions as described above. They have been identified as 
autonomic (Santini & Ibata, 1971; Ballard, 1979; Barker & Saito, 1980) and usually 
occur in groups of two or three embedded in Schwann cells and collagen. When the 
present work had begun, their significance was unknown as they had not been seen in 
functional contact with any elements of the muscle spindle (Barker, 1974). In the 
1 /im thick transverse sections used in this study, the complex of axons, Schwann 
cells and collagen could be seen as faint round or oval profiles (Fig. 1 A), though not 
all such profiles contained unmyelinated axons. Certainly some could be traced for 
considerable distances during which they sometimes approached and sometimes 
diverged from the intrafusal muscle fibres. 
One such profile was traced into the juxta-equatorial region of spindle 5, which was 
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Fig. 10. Isometric reconstructions of motor endings on chain fibres. (A) Spindle 6, chain 2, 
proximal ending (cf. Fig. 2). An electron micrograph of a thin section from the gap indicated by 
the arrow is shown in Fig. 12C. (B) Spindle 6, chain 4, proximal ending (cf. Fig. 2). (C) Spindle 
9, chain 3, distal ending (cf. Fig. 3). (D) Spindle 12, chain 2, distal ending (cf. Fig. 4). All these 
endings probably represent trail terminals. (A) and (B) were derived from the same axon. For 
lettering see Fig. 6. 
then turned and cut longitudinally. Using electron microscopy, two groups of 
terminals were then found approximately 0-5 fim from a nuclear chain fibre, which 
was the closest possible effector. The nearest blood vessels were separated from the 
endings by the periaxial space and by cells of the spindle's capsule. The type of axon 
supplying these endings, their distance from the muscle fibre and their vesicular 
content together indicate that they are autonomic. Three types of vesicle occurred 
in them (Fig. 12D): small plain vesicles about 50 nm in diameter, large granular 
vesicles about 100 nm in diameter and large vesicles containing a moderately 
electron-dense material and about 150 nm in diameter. In the terminals of the somatic 
motor endings, the first type of vesicle predominated and there were a few large 
granular vesicles, but the third type was not found. It is not possible to identify the 
likely transmitter on the basis of these profiles alone. 
Similar results have been reported by Ballard (1978) and the automonic innervation 
of the spindle has recently been the subject of a detailed study by Barker & Saito 
(1980), who showed that the majority of the autonomic innervation is typically 
noradrenergic. 
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Fig. 11. Transverse sections through motor endings on bagi fibres. (A) Spindle 9 (cf. Fig. 7 A) , 
Probably a p 2 plate. Note the simple postjunctional structure. (B) Higher power view of (A) 
showing the thin layer of teloglial cytoplasm covering the free surfaces of the terminals (see 
Materials and Methods). (C) Spindle 6 (cf. Fig. 6 A) , probably a pt plate. This also has a very 
simple post-junctional structure. (D) Spindle 12 (cf. Fig. 8 A) , pt or p, plate, this was the only 
ending on a bag! fibre to show a well developed post-junctional apparatus with some folding. 
Some motor terminals are indicated by arrowheads, sc, satellite cell; /, teloglial cytoplasm. 
Scale bars (A), (C), (D) 2 /«m; (B) 1 /mi. 
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D I S C U S S I O N 
Intrafusal distribution of motor axons 
The recent demonstration that mammalian muscle spindles contain three types of 
intrafusal muscle fibre (Banks, Barker, Harker & Stacey, 1975; Gladden, 1976; 
Banks et al. 1977) has led to considerable agreement about their functional signifi-
cance. Bag! fibres are thought to mediate the dynamic response of the primary 
sensory ending whereas bag2 and chain fibres mediate its static response (Boyd et al. 
1977; Barker et al. 1978). Furthermore, it is agreed that dynamic fusimotor axons 
always innervate bagi fibres, whereas static fusimotor axons innervate bag2 or chain 
fibres or both together (Boyd et al. 1977; Barker et al. 1978). 
However, there is still disagreement about the existence and extent of innervation 
of bag! in common with other types of intrafusal muscle fibre, in particular about 
the occurrence of static (trail) fusimotor innervation of bagi fibres. Direct observa-
tion of living spindles (Bessou & Pages, 1975; Boyd et al. 1977) indicated that bag 
fibres activated by dynamic fusimotor axons (presumably bag]) are never also 
activated by static ones. Glycogen-depletion, on the other hand, has indicated that 
bag! and bag2 fibres are innervated by static axons with about equal frequency 
(Barker et al. 19766; Emonet-Denand, Jami, Laporte & Tankov, 1980). Accepting 
for the moment the validity of the results obtained by these two methods, a number of 
assertions may be made that can be tested using the results of the present work. 
(i) Based on direct observations: (a) bagx fibres are never innervated in common 
with bag2 or chain fibres; (b) bagi fibres are commonly not innervated in one pole 
(implied in Boyd et al. 1977). 
(ii) Based on glycogen depletion: bagx fibres are frequently innervated in common 
with bag2 or chain fibres though not necessarily in the same spindle. 
Both (i) (a) and (b) are evidently not true. Firstly, of the eight axons innervating 
bagi fibres in this study, one also supplied a chain fibre. (The probability that a 
dynamic axon innervated all three types of muscle fibre (Banks et al. 1978) could not 
be confirmed histologically). Secondly, each bagi fibre pole received at least two 
motor terminals, usually from a single axon. The only intrafusal fibres that lacked 
motor innervation in one pole, chains 4 and 5 in the distal pole of spindle 12, were of 
abnormally small diameter in that pole. Should the same be true of any bag fibre that 
lacked motor innervation, its reduced diameter in the non-innervated pole would be 
clearly visible in the living spindle. 
The occurrence of an axon supplying a bagi and chain fibre in common does not, 
of course, confirm the results of the glycogen-depletion experiments, and some 
estimate of the frequency of such innervation to be expected must be made in order 
to assess the validity of (ii). From the results of Barker et al. (19766), one can 
estimate the average frequency that a static axon would be expected to innervate the 
bagi fibre in a spindle as about 3/5. Taking the average number of static axons per 
Fig. 12. ( A - C ) . Transverse sections through probable trail terminals. (A) Spindle 6, bag, distal 
ending at 1 mm (cf. Fig. 2). (B) Spindle 12, bag, (cf. Fig. 9D). (C) Spindle 6, chain 2 (cf. Fig. 
10A). Some motor terminals are indicated by arrowheads, sp, sole-plate nucleus. The chain 
terminal has a well developed subneural apparatus with a Doyere eminence and post-junctional 
folding. The bag, terminals are intermediate in complexity between the chain type and the 
simple type usually found on bagi fibres. (D) Longitudinal section through an autonomic motor 
ending close to a nuclear chain fibre in spindle 5. The muscle fibre was the closest possible 
effector, but showed no obvious post-junctional specialization. The nerve terminal (or varicosity) 
contains small clear vesicles (si'), large dense-cored vesicles (Idv) and large opaque vesicles (lov). 
Scale bar (A, B) 2 /<m; (C) 1 //m; (D) 0-5 /mi. 
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spindle as 3 (Boyd et al. 1977; Banks et al. 1978), the probability that a bagx fibre 
will be innervated by at least one static axon is 0-94, or practically certain. This 
would imply that bagi fibres are normally dually innervated by dynamic and static 
axons, either by multiple innervation of each pole, or by selective innervation of the 
two poles. Despite the small sample, the present results do not support the possi-
bility of multiple innervation, since each bagx fibre pole was usually supplied by a 
single axon. Selective innervation of the two poles of bag! fibres is superficially 
attractive, since it could account for the apparent non-innervated poles of bagx 
fibres if, during direct observation, their contractions were masked by more powerful 
ones in bag2 or chain fibres. However, it seems unlikely that bag! contractions during 
static stimulation could be so systematically missed; nor do the present histological 
results support the high proportion of shared innervation that would be required. 
In this context it may be pointed out that the frequent occurrence of bag2 and 
chain innervation in common, demonstrated both by direct observation and 
glycogen-depletion, is reflected in the present work by almost half of the axons to bag8 
or chain fibres supplying both types jointly. 
Functional implications 
The recent finding of categories of fusimotor action intermediate between the most 
static and dynamic types (Emonet-Denand et al. 1977) has been interpreted in terms of 
a considerable amount of common innervation of bagx with bag2 or chain fibres, as 
indicated by the glycogen-depletion work. Emonet-Denand et al. recognized six 
categories of action, namely, I , 'pure' dynamic; II , dynamic with suspected static 
modification; III , unclassifiable; IV, static with suspected dynamic modification; 
V, static with conceivable dynamic participation; VI, 'pure' static. Category III 
actions are most likely to be associated with common bagx and bag2 or chain 
innervation and included in this group are axons whose action varied, depending on 
the frequency of stimulation or the initial muscle length. Such axons have been 
observed previously by Emonet-Denand, Joffroy & Laporte (1972). Their action can 
be most readily interpreted in terms of the different contractile properties and 
lengths of bagx and chain fibres. However, only about 1 axon in 20 fell into this 
category. This may be compared with 1 axon from 26 in the present work that was 
positively shown to innervate bag! and either of the other types of intrafusal fibre. 
The results of recent studies on sub-categories of fusimotor action, although not 
conclusive, do not "support the idea that anything other than category III includes 
axons supplying bag! with bag, or chains (Emonet-Denand & Laporte, 1978; 
Laporte, 1979). 
The highly selective motor innervation of the bagi fibre is in marked contrast to 
the mixed innervation of the bag2 and chain fibres. Not only do a large proportion of 
axons branch within a spindle to supply both these types of muscle fibre, but the 
motor units of most, if not all, static axons contain both chain and bag fibres (Barker 
et al. 1973). Now even 'pure' static axons have heterogeneous effects on the primary 
response (Emonet-Denand et al. 1977) and it is likely that bag2 and chain fibre 
activations affect the primary sensitivity in different ways. Probably the bag2 fibre 
mediates a marked position-sensitive response whereas chain fibre contractions lead 
to a general excitation of the ending with a corresponding reduction of both dynamic 
and position sensitivities. Some evidence for this can be seen in the results of Emonet-
Denand et al (1978). Since bag, fibres cannot be activated alone, it seems probable 
that their major function is to maintain primary afferent position sensitivity during 
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si rong static excitation. Presumably there would be no functional advantages for 
this position sensitivity to be under separate central control. 
Motor endings 
The most comprehensive description of the histology of fusimotor innervation is 
that of Barker, Stacey & Adal (1970), in their categorization of trail and px and p2 
plate types, based on silver impregnation of teased whole spindles. Each of the three 
types should be represented in the present study since Pi plates are known (Barker, 
Emonet-Denand, Laporte & Stacey, 1980) to be the terminals of /? axons (of which 
there is at least one, in spindle 6), whereas dynamic and static y axons are thought to 
e nd as p2 plates and trail terminals respectively. The form of the endings, as repre-
sented in the isometric reconstructions, does not allow a clear-cut classification into 
three types, but each can be assigned to pu p2 or trail types on the basis of the above 
definitions, and the results are consistent with the description of Barker et al. (1970). 
Kucera (1980a, b) has described two types of motor ending on the intrafusal 
muscle fibres of cat spindles, based on reconstruction of serial sections stained to 
demonstrate cholinesterase activity. The two types differed in size and complexity, 
the small simple type being called 'rim' endings and the larger, more complex type 
' plate' endings. Kucera identified the two types as trail and plate endings, respec-
tively, but the rim endings cannot be trail terminals for the following reasons. In the 
F resent work each chain fibre most commonly had a single ending per pole. These 
were some of the most complex endings in the spindles, with distinct nucleated sole-
Flates. They can therefore be identified with the plate endings of Kucera, of which 
t lere was also only one per pole. In addition, both sets of endings were similarly 
located on the muscle fibres. Since no other somatic motor endings occurred and 
trail innervation is almost invariably present on chain fibres (Barker et al. 1970), 
t ley must be the trail terminals. 
The location of the rim endings, their apparently great simplicity and their absence 
from some muscle fibres (Kucera, 1980a, b) strongly suggest that they should be 
identified with the autonomic innervation now known to exist in some spindles 
(see above and Barker et al. 1980). That they possess cholinesterase activity is not 
surprising since this has been demonstrated in other sites of sympathetic innervation 
(Eranko, Reichardt, Eranko & Cunningham, 1970), and sympathetic neurons have 
been shown to form cholinergic synapses with skeletal muscle fibres in culture 
CNurse & O'Lague, 1975). Kucera, Dorovini-Zis & Engel (1978) have described a 
'jdiflfuse' ending in rat spindles, which seems to be homologous to the rim endings of 
the cat. If so, they also cannot be identified as trail innervation in contrast to the 
conclusion of Kucera et al. (1978). 
' Barker etal. (1970) attempted to correlate the three types of motor ending recognizable 
in silver preparations with various degrees of ultrastructural complexity. This correla-
tion was subsequently found to be inaccurate (Barker et al. 1976 a; Barker et al. 1978) 
and this has been confirmed in the present work. Complexity, in terms of prominence 
Qf sole-plate and degree of post-junctional folding, tends to increase in endings on bag!, 
bag2.and chain fibres respectively. On each type of muscle fibre there may be a tendency 
for endings closer to the primary sensory ending to be simpler than those further 
aiway, though the present sample is too small to allow one to be confident about this. 
On the other hand, the primary ending definitely seems to influence the location of 
the motor endings, as might be expected if the arrival of the primary afferent axon 
triggers the development of the muscle spindle (Landon, 1972; Milburn, 1973). 
590 R . W . B A N K S 
SUMMARY 
The motor innervation of four muscle spindles from the tenuissimus muscle of the 
cat was demonstrated using reconstructions of 1 /*m thick, serial transverse sections. 
Analysis of the results clearly indicates that the bagx intrafusal muscle fibre usually 
does not receive a static fusimotor input via trail innervation. In contrast to the 
highly selective innervation of bagx fibres, almost half the axons suppying bag2 or 
chain fibres branched to terminate on both types of fibre. The significance of these 
results is discussed in relation to previous studies on fusimotor innervation and to 
their functional implications. 
The presence of autonomic innervation is a further complication that appears to 
have led to erroneous conclusions concerning the nature of the trail innervation of 
chain fibres in a recent study of the distribution of cholinesterase activity in the 
spindle. 
This work was supported by the M.R.C. The results were obtained during tenure 
of a Research Fellowship in the Department of Zoology, University of Durham. I 
am most grateful to Professor D. Barker for his advice and encouragement during 
that time and for his comments during the preparation of this paper. My thanks 
also go to Mr D. Hutchinson for tireless photographic assistance. 
REFERENCES 
BALLARD, K . J . (1978). Typical sympathetic noradrenergic endings in a muscle spindle of the cat. Journal 
of Physiology 285,61-62P. 
BANKS, R. W., BARKER , D., BESSOU, P., PAGES, B. & STACEY, M . J. (1978). Histological analysis of cat 
muscle spindles following direct observation of the effects of stimulating dynamic and static motor 
axons. Journal of Physiology 283,605-619. 
BANKS, R. W., BARKER , D., HARKER , D. W. & STACEY , M . J. (1975). Correlation between ultrastructure 
and histochemistry of mammalian intrafusal muscle fibres. Journal of Physiology 252,16-17P. 
BANKS, R. W., BARKER, D. & STACEY , M . J. (1981). Structural aspects of fusimotor effects on spindle 
sensitivity. In Changing Views of the Function of Muscle Receptors in Movement Control (ed. A. 
Taylor & A. Prochazka). London: Macmillan. 
BANKS, R. W., HARKER , D. W. & STACEY , M . J. (1977). A study of mammalian intrafusal muscle fibres 
using a combined histochemical and ultrastructural technique. Journal of Anatomy 123, 783-796. 
BARKER , D . (1974). The morphology of muscle receptors. In Handbook of Sensory Physiology (ed. C. C. 
Hunt), vol. ui/2, pp. 1-190. Berlin: Springer. 
BARKER , D., BANKS, R. W., HARKER , D. W., MILBURN , A. & STACEY, M . J . (1976a). Studies of the 
histochemistry, ultrastructure, motor innervation and regeneration of mammalian intrafusal muscle 
fibres. Progress in Brain Research 44, 67-87. 
BARKER , D., BESSOU, P., JANKOWSKA, E . , PAGES, B. & STACEY, M . J . (1978). Identification of intrafusal 
muscle fibres activated by single fusimotor axons and injected with fluorescent dye in cat tenuissimus 
spindles. Journal of Physiology 275, 149-165. 
BARKER , D., EMONET-DENAND, F., HARKER , D. W. , JAMI, L . & LAPORTE, Y . (1976A). Distribution of 
fusimotor axons to intrafusal muscle fibres in cat tenuissimus spindles as determined by the glycogen-
depletion method. Journal of Physiology 261.49-69. 
BARKER , D., EMONET-DENAND, F., LAPORTE, Y . , PROSKE, U . & STACEY , M.J . (1973). Morphological 
identification and intrafusal distribution of the endings of static fusimotor axons in the cat. Journal of 
Physiology 230,405-427. 
BARKER , D., EMONET-DENAND, F., LAPORTE, Y . & STACEY, M . J . (1980). Identification of the intrafusal 
endings of skeletofusimotor axons in the cat. Brain Research 185, 227-237. 
BARKER , D. & SAITO, M . (1980). Autonomic innervation of cat muscle spindles. Journal of Physiology 
301, 24P. 
BARKER , D., STACEY , M.J . & ADAL , M . N . (1970). Fusimotor innervation in the cat. Philosophical 
Transactions of the Royal Society, B 258, 315-346. 
BESSOU, P. & PAGES, B. (1975). Cinematographic analysis of contractile events produced in intrafusal 
muscle fibres by stimulation of s'tatic and dynamic fusimotor axons. Journal of Physiology 252, 397-
427. 
Fusimotor innervation in the cat 591 
BOYD , I . A . (1976). The mechanical properties of dynamic nuclear bag fibres, static nuclear bag fibres 
and nuclear chain fibres in isolated cat spindles. Progress in Brain Research 44, 33-49. 
BOYD , 1. A . , GLADDEN , M . H. , MCWILLIAM, P. N . & WARD , J. (1977). Control of dynamic and static 
nuclear bag fibres and nuclear chain fibres by y and /?-axons in isolated cat muscle spindles. Journal of 
Physiology 165,133-162. 
EMONET-DENAND, F., JOFFROY, M . & LAPORTE, Y . (1972). Fibres fusimotrices dont Taction sur la sensi-
bilite phasique des terminaisons primaires depend de leur frequence de stimulation. Comptes rendusdes 
seances deV Academie des sciences 275, 89-91. 
EMONET-DENAND, F. & LAPORTE, Y . (1978). Effects of prolonged stimulation at high frequency of static 
and dynamic axons on spindle primary endings. Brain Research 151, 593-598. 
EMONET-DENAND, F., JAMI, L. , LAPORTE, Y . & TANKOV , N . (1980). Glycogen depletion of bag! fibres 
elicited by stimulation of static y axons in cat peroneus brevis muscle spindles. Journal of Physiology 
302,311-321. 
EMONET-DENAND, F., LAPORTE, Y . , MATTHEWS, P. B . C. & PETIT , J. (1977). On the subdivision of static 
and dynamic fusimotor actions on the primary ending of the cat muscle spindle. Journal of Physiology 
268,827-861. 
ERANKO , O., REICHARDT, L., ERANKO , J. & CUNNINGHAM, A . (1970). Light and electron microscopic 
histochemical observations on cholinesterase-containing sympathetic nerve fibres in the pineal body 
of the rat. Histochemical Journal 2,479-489. 
GLADDEN , M. H . (1976). Structural features relative to the function of intrafusal muscle fibres in the 
cat. Progress in Brain Research 44, 51 -59. 
KUCERA , J. (1980a). Motor nerve terminals of cat nuclear chain fibres studied by the cholinesterase 
technique. NeuroscienceS, 403-411. 
KUCERA , J. (19806). Motor innervation of the cat muscle spindle studied by the cholinesterase technique. 
Histochemistry 67,291-309. 
KUCERA , J., DORIVINI-ZIS, K . & ENGEL, W . K . (1978). Histochemistry of rat intrafusal muscle fibers and 
their motor innervation. Journal of Histochemistry and Cytochemistry 26, 973-988. 
LANDON, D . N . (1972). The fine structure of the equatorial regions of developing muscle spindles in the 
rat. Journalof Neurocytology 1,189-210. 
LAPORTE, Y . (1979). On the intrafusal distribution of dynamic and static fusimotor axons in cat muscle 
spindles. Progress in Brain Research 50,3-10. 
MILBURN, A . (1973). The early development of muscle spindles in the rat. Journal of Cell Science 12, 
175-195. 
NURSE , C. A . & O'LAGUE, P. H . (1975). Formation of cholinergic synapses between dissociated sym-
pathetic neurons and skeletal myotubes of the rat in cell culture. Proceedings of the National Academy 
of Science of the United States of America 72, 1955-1959. 
SANTINI, M . & IBATA, Y . (1971). The fine structure of thin unmyelinated axons within the muscle spindles. 
Brain Research 33,289-302. 
Paper 20. 
R.W. Banks, D. Barker & M.J. Stacey (1982) 
Form and distribution of sensory terminals in cat hind-limb muscle spindles. 
Phil. Trans. R. Soc. Lond. B 299; 329-364. 
Phil. Trans. R. Soc. Land. B 299, 329-364 (1982) [ 329 ] 
Printed in Great Britain 
F O R M A N D D I S T R I B U T I O N O F S E N S O R Y T E R M I N A L S 
I N C A T H I N D L I M B M U S C L E S P I N D L E S 
B Y R . W . B A N K S , D . B A R K E R A N D M . J . S T A G E Y 
Department of Zoology, University of Durham, South Road, Durham DHl 3LE, U.K. 
(Communicated by J. Z. Young, F.R.S. - Received 29 January 1982) 
[Plates 1-6; pullouts 1-4] 
C O N T E N T S 
P A G E 
1. INTRODUCTION 331 
2. MATERIALS AND METHODS 333 
(a) Reconstructions and electron microscopy 333 
(i) Microtomy 333 
(ii) Photography and reconstructions 333 
(iii) Measurement of sensory-terminal contact areas 334 
(b) Analysis of silver preparations 334 
(i) Nature of sample 334 
(ii) Diameter and branching of spindle afferents 335 
(iii) Analysis of sensory endings 335 
3. RESULTS 336 
(a) Reconstructions and electron microscopy 336 
(i) Branching and distribution of spindle afferents 336 
(ii) Equatorial nucleation 337 
(iii) Reconstructed primary endings 340 
(iv) Reconstructed secondary ending 343 
(b) Analysis of silver preparations 344 
(i) Composition of the spindle sample 344 
(ii) Branching and distribution of primary ( la) axons 345 
(iii) Branching and distribution of secondary ( I I ) axons 347 
(iv) Diameters of spindle afferents 349 
(v) Primary endings 349 
(vi) Secondary endings 353 
Vol. 229. B 1096. 22 [Published 4 November 1982 
330 R . W . B A N K S , D . B A R K E R A N D M . J . S T A C E Y 
4. DISCUSSION 355 
REFERENCES 362 
The sensory innervation of cat hindlimb muscle spindles was studied by reconstruc-
tion, electron microscopy, and examination of teased, silver preparations to ascertain 
the form of the terminals and their distribution to bagx (bj), bag a (b2), and chain (c) 
muscle fibres. Reconstructions were made of two primary endings, one St secondary 
ending, and the branching of four primary and six secondary axons. For the silver 
analysis spindles were teased from 14 different hindlimb muscles, the largest samples 
being from tenuissimus, peroneus brevis, p. longus, p. tertius, superficial lumbrical, 
extensor digitorum longus, and soleus. Among 310 spindles examined, 40 lacked a A, 
fibre. These were all portions of tandem spindles in which the b2 fibre was continuous 
from one capsule, where i t was accompanied by bx and c fibres, to another, in which 
it was accompanied by c fibres only. These have been designated 'b2c spindle units' as 
distinct from 'b^^c spindle units'. 
Counts of myonuclei in the primary regions of four b^bjC spindle units revealed 
52-106 in the nuclear bags, bx bags averaging 68, b2 bags 80. The average number in 
a myotube region was nine (range 6 -12) , and in a c fibre 24 (range 11-38) . The 
reconstructions showed a close association between nucleation and innervation, but no 
constant relation between number of myonuclei and terminal contact area. They also 
showed that the largest cross-sectional areas of each bag fibre corresponded with the 
sites of Sx secondary ending innervation. Approximately 7 0 - 9 0 % of the cross-
sectional area of each bag fibre was occupied by myonuclei in the bag region, 3 0 - 5 0 % 
in the myotube regions, and 10 % in the region of secondary innervation. I n i 2 c spindle 
units the equatorial nucleation of the b2 fibre usually resembled that of a c fibre. 
The intramuscular diameter of l a axons supplying bxb& spindle units (mean 
7.5 um, range 3 .4-12.8 um, n = 213) was generally thicker than that of l a axons 
supplying spindle units (mean 5.1 um, range 2.2-9.0 um, n = 37) . The distribu-
tion of terminals by the first-order branches (usually two) of l a axons to bu b2, and c 
fibres was exclusively from heminodes, and was either segregated (b1 fibres supplied 
separately from b2 and c fibres, thereby resulting in separation of dynamic and static 
inputs) or mixed. Mixing was restricted most frequently to the dynamic input, and 
usually resulted from bt fibres sharing a supply of terminals with a few c fibres. 
Distribution of terminals was usually segregated in tenuissimus and mixed in super-
ficial lumbrical muscles, but in most muscles neither type of distribution predomin-
ated. Among 270 b^b^c spindle units, 32 had more than one bx fibre, and 12 had 
primary endings formed by two I a axons. 
Primary terminal systems supplied to bag fibres consisted of a middle portion, in 
which the terminals were arranged mainly as regular transverse bands, and portions 
at each end, in which they were disposed irregularly. In the silver analysis, bt terminal 
systems in 151 b^jt primary endings were distinguished from those supplied to b2 
fibres by having more of their total length occupied by irregular portions (on average 
57%, as compared with 3 3 % in b2 fibres), and more bands per unit length in the 
middle. I n the two reconstructed primaries the bx fibres received 33 and 37 % of the 
total terminal contact area, the b2 fibres 25 and 24%, and the c fibres 5 - 1 2 % indi-
vidually, 42 and 3 9 % collectively. Primary endings supplied to bgc spindle units were 
mostly irregular in appearance. 
The polar position of 351 secondary endings was Sx 253, S2 79, S3 15, St 3, Ss 1; 
67.8 % were distributed to b^jC fibres (mostly as Sx endings), 20.8 % to bjC fibres, 6.3 % 
to c fibres, and 5.1 % to bxc fibres. The intramuscular diameter of I I axons terminating 
as Sv endings was generally greater (mean 3.9 um) than that of I I axons terminating as 
S2-Ss endings (mean 2.9 um); 75 % ofb1b2c I I axons had diameters that fell within the 
lower part of the b^b^ I a diameter range. Most I I axons had two first-order branches; 
the distribution of terminals by the first-order branches of bj)^ I I axons was usually 
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mixed. Terminals were derived either exclusively from heminodes (as in most S1 
endings) or from both heminodes and penultimate nodes. 
The mean length of 313 secondary endings was 348 um (range 138-716 um) as 
compared with a mean length of 359 um (range 242-608 um) for 151 primaries. I n 
83 bxb2c St endings the innervated portions of the bag fibres represented, on average, 
4 2 % (*i) a n d 5 1 % (bz) of the total length of the ending. In 64% of the endings the 
b2 fibre received more terminals than the bv I n the reconstructed S1 ending the bx 
fibre received 8% of the total terminal contact area, the b2 fibre 17 %, and the c fibres 
16-22% individually, 75% collectively. Some muscles had fewer secondaries than 
others; the I a : I I ratio ranged from 1:1.2 (superficial lumbrical) to 1:1.8 (peroneus 
longus). 
The constant features of spindle sensory innervation that emerge from this study 
(e.g. the dense primary innervation of the bx fibre) are discussed in the context of 
spindle development and in terms of their functional significance. The data on the 
branching of spindle afferents is related to the work of others on pacemakers and the 
manner in which nerve impulses are generated from the endings and propagated into 
the axons. We suggest that transduction may occur by a deformation of the sensory 
terminal owing to increased tension in the basal lamina. I t is supposed that the 
permeability of the Na+ channels is affected by an intracellular messenger (probably 
Ca 2 + ) released from a bound state by increase in cytoskeletal tension. Reasons are 
given as to why the afferent innervating b^c spindle units should be regarded as 
primary. The probable functional significance of these units is discussed, and some 
correlations are made between the function of certain muscles and the characteristics 
of their spindle populations. 
1. I N T R O D U C T I O N 
I t is now accepted that mammalian muscle spindles are composed of nuclear-chain fibres and 
two types of nuclear-bag fibre, bag 2 and bag g (Ovalle & Smith 1972; Banks et al. 1975, 19776; 
Gladden 1976); and it is generally agreed that the dynamic responsiveness of the primary 
ending is mediated by the bagx fibre, and its static responsiveness by bag 2 and chain fibres 
(Barker et al. 1976, 1978; Boyd et al. 1977). In arriving at these conclusions attention was 
necessarily focused on the distribution of the motor innervation to the three types of intrafusal 
muscle fibre. The main purpose of this investigation has been to make a similar enquiry into 
the distribution of the intrafusal sensory innervation. 
The essential features that emerge from previous descriptions of mammalian spindle sensory 
innervation (mostly cat) may be summarized under the headings of primary endings, secondary 
endings and diameters of spindle qfferents, as follows. 
Primary endings. An annulospiral ending (Ruffini 1898) is supplied by branches of a I a axon 
(Hunt 1954), which distributes large spirals to the bag fibres and small spirals to the chain 
fibres (Boyd 1962). A first-order branch of the l a axon (usually two are produced) may inner-
vate both bag and chain fibres, or exclusively supply either bag or chain fibres (Barker & Cope 
1962). The ending terminates on the densely nucleated equatorial parts of the intrafusal muscle 
fibres (the nuclear bags, myotube regions, and nuclear chains), and occupies a length of about 
300 um. The terminals consist of spirals of up to four or five turns, many half rings, and a few 
complete rings. They arc set closely together around the middle of each nuclear bag, disposed 
more loosely to either side, and are usually of an irregular clasping form in the myotube regions 
(Barker 1948). A terminal may end on a single muscle fibre, or on two or three adjacent ones 
to form an interlocking 'sensory cross-terminal' (Adal 1969). These usually occur between chain 
fibres, but may also occur between a bag and a chain fibre (Corvaja et al. 1969; Banker & 
22-2 
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Girvin 1971; Scalzi & Price 1972). Some primary endings in the cat are irregular in appearance 
and have only a few rings and spirals. Spindles that lack secondaries usually have primaries of 
this type, as in 'simple' single spindles (Ruffini 1898) and simple spindle units that form part 
of tandem spindles (Barker & Ip 1961). A primary ending may occasionally be composed of 
terminals supplied by two axons (Ruffini 1898), and instances of primary endings restricted to 
bag fibres have been observed (Barker & Cope 1962; Jones 1966). 
Secondary endings. Most cat hindlimb spindles are supplied with one secondary ending next to 
the primary (Barker & Ip 1961), but up to five may occur, three on one side of the primary 
and two on the other, each occupying lengths of about 400 um designated Su S2, S3 according 
to their position relative to the primary (Boyd 1962). Secondary terminals are also mainly 
annulospiral (Barker 1948), though some may be in the form of sprays. The spirals are small 
and restricted to the chain fibres, whereas the sprays terminate on the bag fibres (Boyd 1962). 
The ending is more dispersed than the primary, and the terminals, some of which interlock 
around adjacent muscle fibres, are mostly thin and claw-like (Tello 1922). 
Diameters of spindle qfferenls. Measurements of the total internodal diameters of spindle 
afferents made in the neighbourhood of spindles show that: (i) the total diameter of primary 
axons is about twice that of secondary axons (la, mean 12.4 um; I I , mean 6.0 um; for cat 
tenuissimus (Boyd 1962)); (ii) the thinnest primary axons overlap in diameter with the thickest 
secondaries ( I a - I I diameter overlap 8-11 um (Boyd 1962)), and are mostly supplied to 
spindles that do not receive secondary endings (Adal & Barker 1962). 
These observations were all made before it was realized that bag fibres were of two types, 
and that the functional differences between them made it necessary to know about their 
individual sensory innervation. It was this need that motivated the present enquiry. 
We began by making reconstructions from serial sections of the sensory innervation of some 
of the cat tenuissimus spindles whose motor innervation had already been analysed following 
direct observation of the effects of fusimotor stimulation (Banks et al. 1978; Banks 1981a). 
Reconstructions were made of two primary endings, one S1 secondary ending, and the branch-
ing of four primary and six secondary axons. These showed, among other things, that: (i) there 
were distinct differences in the form of the primary terminals on bagx and bag2 fibres; (ii) the 
first-order branches of all the l a axons supplied bagx fibres separately from bag2 and chain 
fibres (segregated distribution); and (iii) the S1 secondary axons innervated all three types of 
muscle fibre. 
These features of the reconstructions were easily recognizable in teased, silver preparations 
of whole spindles, making it possible to identify bag! and bag2 fibres by distinguishing (as one 
of several criteria) the differences in their sensory innervation. The findings from the small 
sample of reconstructed tenuissimus spindles could thus be compared with those from a much 
larger sample of spindles teased from several different hindlimb muscles. This showed, among 
other things, that the distribution of terminals by first-order branches of I a axons is not always 
segregated, and that irregular primary endings are characteristic of spindle units that lack a 
bagx fibre. Preliminary accounts of some of the results have been published (Banks et al. 1977 b, 
1979, 1981). 
S E N S O R Y I N N E R V A T I O N O F C A T M U S C L E S P I N D L E S 333 
2. M A T E R I A L S A N D M E T H O D S 
(a) Reconstructions and electron microscopy 
The sensory endings and axons reconstructed from serial transverse sections belonged to four 
of the 20 cat tenuissimus spindles studied by Banks et al. (1978) in their analysis of intrafusal 
contractions and motor innervation, namely, spindles 6, 8, 9 and 12 (see their table 1). Addi-
tional information was obtained from serial longitudinal sections of spindle 5. Apart from the 
inclusion of post-fixation with osmium tetroxide, the procedures relating to the fixation of these 
spindles, their preparation for histological analysis, and the criteria subsequently used for the 
identification of muscle-fibre type, were as described by Barker et al. (1978). 
(i) Microtomy 
Serial transverse sections about 1-2 um thick, cut for light microscopy, were stained with 
1.7mg /ml toluidine blue in 1 .7mg /ml borax solution, or with a saturated solution of p-
phenylenediamine in methanol. The sections of spindle 8 were cut on an L K B Ultratome U M l 
and collected in batches of about 5 -20 on glass slides, the last section being collected separately, 
since the order of the other sections was not always known. The average thickness of transverse 
sections relative to the living spindle was estimated by counting the number of sections between 
a pair of structures, e.g. blood vessels, marked on the photograph of the spindle taken at the 
conclusion of the experiment (Banks et al. 1978) before fixation. No correction for longitudinal 
shrinkage due to processing was therefore necessary. 
Serial transverse sections of spindles 6, 9 and 12 were cut on a Reichert O M U 3 ultra-
microtome and collected on strips of coverglass in ribbons often, five such strips being mounted 
on each glass slide. The graduated knife-advance control of the microtome provided a nominal 
section thickness of 1 um. Longitudinal shrinkage averaged 8 % as estimated by comparing 
distances between pairs of structures in the living preparation with the nominal distances pro-
vided by summing section thicknesses. This correction has not been applied to the measure-
ments quoted for these three spindles. 
Sections for electron microscopy were cut at selected sites, stained with uranyl acetate and 
lead citrate, and examined with an A.E . I . E M 801 electron microscope at an accelerating 
voltage of 80 kV. 
(ii) Photography and reconstructions 
Every section containing part of a sensory axon or terminal was photographed on 3 5 mm 
film with a Zeiss Ultraphot with x 40 or x 100 planapo objectives. With x 4.5 enlargements 
of the photographs, two types of reconstruction were made: schematic diagrams showing the 
branching and myelination of four primary and six secondary axons supplying the spindles 
(figure 1 ) ; and semi-diagrammatic isometric reconstructions of two primary endings (spindles 
6 and 12) and one St secondary ending (spindle 6) (figures 4 - 6 ) . 
The isometric reconstructions were made by tracing the relevant features of each photograph 
onto acetate film with use of coloured inks to distinguish between the various components. 
Adjacent tracings were placed along an inclined line to produce the required amount of spatial 
resolution. Since no external reference was available, the assumption was made that one part 
of the reconstruction always fell on this line, namely, the centre of the bagx fibre. The bag 2 
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fibre was orientated so that its centre was either vertically above (spindle 6) or horizontally to 
the right (spindle 12) of this. The bagx fibre was thus artificially straightened, while the position 
of the bag2 fibre was restricted to a plane that passed through the bagx fibre's centre, and the 
chain fibres were positioned relative to that plane. Examination of longitudinal sections of the 
equatorial regions of other spindles showed that these constraints produced little distortion. For 
clarity, the bag fibres were reconstructed separately from the chain fibres. The reconstructions 
were built up by using the same colours to draw the envelopes of every group of ten tracings, 
and then by making tracings of the envelopes in indian ink. 
(iii) Measurement of sensory-terminal contact areas 
The photographs used for reconstructing the three sensory endings were also used to estimate 
the areas of contact between the terminals and the muscle fibres. The length of contact between 
terminal and fibre, and the length of fibre surface devoid of terminal, were determined in each 
section of a muscle fibre that included a sensory neuromuscular junction. Measurements were 
made with a map-measuring wheel, converted into micrometres and summed to give areas in 
micrometres squared, section thickness being taken as 1 um. These measurements provided 
estimates of the total terminal-fibre contact area for each sensory ending, and this could be 
expressed as a proportion of the total surface area available for contact so as to give an indica-
tion of density of innervation. Any error involved in making measurements with the mapping 
wheel was assessed by using it to determine the lengths of many straight lines of differing 
lengths, ten measurements being made of each length. A comparison of the means of these 
measurements with the original terminal-fibre contact lengths showed that the error involved 
was relatively greater for shorter lengths, and that the probable overall error was an under-
estimate of about 4%. 
(i) Nature of sample 
The total sample comprised 310 spindle capsules, of which 84 were linked in tandem. They 
were teased from 72 hindlimb muscles removed from 38 adult cats, as follows. 
(b) Analysis of silver preparations 
T A B L E 1. 
muscle 
number of spindle number of muscles 
capsules teased 
tenuissimus 
peroneal muscles 
70 14 
p. longus 20 
61 
27 
4 
10 
9 
p. brevis 108 23 
p. tertius 
lumbrical muscles 
superficial 1 42 10 3 l l deep 
soleus 
extensor digitorum longus 
extensor digitorum brevis 
flexor hallucis longus 
tibialis anterior 
tibialis posterior 
interosseus 
rectus femoris 
31 
21 
7 
11 
13 
1 
5 
1 
4 
5 
1 
2 
1 
3 
7 
total. 310 72 
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The sample of spindles assembled for analysis was selected from the large collection of teased 
preparations that has accumulated in this laboratory over the years, excellence of staining of 
sensory innervation being the sole criterion for inclusion. With one exception all the spindles 
had been stained by de Castro's silver method as modified by Barker & Ip (1963); the exception 
was a rectus femoris spindle stained with Gairns's (1930) gold chloride method. 
Of the 72 muscles, 26 had been the object of experiments involving either de-efferentation 
(4), de-efferentation and sympathectomy (15), or degeneration of all but one or a few axons 
in their motor supply (7). Of the total sample of spindle capsules, 83 were teased from these 
muscles; 
(ii) Diameter and branching of spindle afferents 
The total diameters of 259 l a and 357 I I axons were measured by using a Zeiss micrometer 
eyepiece and a x 40 objective. The measurements were made as far from spindle entry as 
possible in order to avoid the length over which diameter increases as the first subdivision before 
termination is approached. Each measurement recorded was the mean of three internodal 
readings. Conversion to the equivalent fresh diameter requires multiplication by a factor of 1.5 
(Stacey 1969), but this has not been applied to the results. 
The branching and distribution of 182 l a axons was analysed by using a x 100 objective 
under oil immersion. Each analysis was double-checked; any instance occasioning the slightest 
doubt resulted in the axon in question being excluded from the final sample. 
(iii) Analysis of sensory endings 
Each primary ending was first examined to distinguish between the terminal systems dis-
tributed to the bagj and bag 2 fibres on the basis of differences in amount of irregularity. 
Terminals were regarded as 'regular' when they were set at right angles to the longitudinal 
axis of the bag fibre, as in the nuclear-bag region, and 'irregular' when they were set diagonally 
to, or in parallel with, this axis, as in the myotube regions. Confirmation of the identity of the 
bag fibres was then sought by checking on their length (bag2 longer); association with (bag2), 
or dissociation from (bagj), chain fibres in the equatorial region; abundance (bag2) or scarcity 
(bag^ of associated elastic fibres in the extracapsular polar region; motor innervation by p1 
and/or p 2 plates (typically supplied to bagx) and trail endings (typically supplied to bag 2); and 
sensory innervation by secondary endings (bag t usually receives fewer terminals). 
Each primary ending was then measured so as to record its total length, the lengths of the 
regular and irregular portions of the terminal systems on each bag fibre, and the maximum 
diameter of each terminal system. Finally, the number of terminals encircling each bag fibre 
in the regular portion of its primary terminal system was counted over a length of 50 um. 
I f the spindle under analysis was supplied with one or more secondary endings, the length of 
each was measured, its position (Su Sz, or S3) was noted, and the supply of terminals to one or 
both types of bag fibre was observed. In a sample of 83 5A secondary endings the number of 
terminals on each type of bag fibre was counted and the length of the innervated portion of the 
fibre was measured. 
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um 
i 
F I G U R E 1. Branching of the primary and secondary axons supplying spindles (sp.) 6, 8, 9 and 12, and the dis-
tribution of their branches to the three types of intrafusal muscle fibre. Black branches exclusively innervate 
bagi fibres; preterminal axons indicated by dotted lines. The primary axon of spindle 12, and the 
primary and secondary axons of spindle 6, are shown in more detail in the reconstructions reproduced in 
figures 4, 5 and 6, respectively. Symbols: bt, bag 2 fibre; c, chain fibre(s); £,_„ secondary endings. 
3. R E S U L T S 
(a) Reconstructions and electron microscopy 
(i) Branching and distribution of spindle afferents 
The sensory innervation of the four spindles studied was: spindle 6, 8, S^PS^^; 9, P S ^ ^ ; 
12, ISJP (symbols according to Boyd (1962), given in proximal-to-distal order). Figure 1 shows 
the branching of the four primary axons and six of the secondary axons, and indicates the 
distribution of the branches to the three types of intrafusal muscle fibre. 
The first subdivision of each primary axon produced either two or three first-order branches, 
one of which was the exclusive distributor of terminals to the bag! (bj fibre. This branch 
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usually subdivided further and had two to five internodes. Most of the 18 subdivisions under-
gone by the four primary axons were dichotomous; only three were trichotomous. One of these 
was the first subdivision of the axon innervating spindle 9, which resulted in one first-order 
branch being the exclusive distributor of terminals to each of the three fibre types. I n the other 
three primary axons the bag 2 (b2) and chain (c) fibres each derived their terminals from the 
same first-order branch. 
The primary axons reached their heminodes after branching over distances of 250-558 um. 
The internodes became shorter as the heminodes were approached; the mean lengths of all first 
to fifth primary internodes in figure 1 are 192, 123, 95, 75 and 58 um, respectively. When the 
first subdivision was dichotomous, the first internodes differed in total diameter by about 
1.0 um, the thinner belonging to that which exclusively innervated the bx fibre. Total diameter 
decreased distally by 0 .3-6.0 um (mean 2.6 um) between first and last internodes, the mean 
decrease per 100 um length being 0.4 um. Myelin thickness was approximately halved as 
between the last internode of the parent axon and the first internodes of its branches (e.g. from 
1.7 to 0.8 um), and halved again as between first and last internodes (e.g. from 0.6 to 0.3 um). 
The eight secondary axons distributed terminals to the muscle fibres as follows (spindle 
reference numbers in brackets): Sx (6) , Sx (8) , SXSZ (9) , SY (12) to blt b2 and c fibres; Sx (8) 
to bx and c fibres; and S2 (8) , S3 (9) to c fibres only. Reconstructions of the branching of six of 
the axons (figure 1) showed that the terminals were supplied by preterminal axons that arose, 
not only from the heminodes, but also from some of the penultimate nodes. 
The secondary axons reached their heminodes over distances of 6 5 - 3 0 0 um. They did not 
branch as extensively as primary axons and their internodes were generally shorter; the mean 
lengths of all first to fourth internodes in figure 1 are 97, 68, 51 and 37 um, respectively. 
Trichotomous branching was relatively more frequent (three of 11 subdivisions). Six first-order 
branches had only one internode; four of these belonged to the dichotomously branching S2 
and S3 axons innervating spindle 9. There were four instances of first-order branches exclusively 
supplying one type of muscle fibre, namely, in the Sx afferents of spindle 6 (to c fibres) and 12 
(to the bx fibre), and the S3 afferent of spindle 9 (to c fibres). Total diameter decreased by a 
mean of 0.4 um per 100 um length between first and last internodes, much as in primaries, but 
there were four instances of increase; these ranged from 0.3 to 1.1 um. With few exceptions 
(four in 25) myelin thickness remained the same from the parent axon to the most distal inter-
node, e.g. all 12 internodes in the branching of the Sx afferent of spindle 8 had a myelin thick-
ness of 0.3 um. 
(ii) Equatorial nucleation 
The nuclei of intrafusal muscle fibres are located either peripherally underneath the sarco-
lemma (subsarcolemmal nuclei) or internally among the myofibrils (myonuclei). I n teased 
preparations i t is often difficult to distinguish between subsarcolemmal nuclei and those of 
satellite cells and endomysial fibrocytes. The reconstruction of the distal pole of spindle 6 
showed that satellite cells were mostly found in association with the b2 fibre in the extracapsular 
region. They were less frequently associated with the bY fibre and rarely occurred on c fibres 
(Banks 1981A). Equatorially both satellite cells and subsarcoiemmal nuclei were scarce, 
whereas myonuclei were abundant. The reconstructions produced an opportunity for studying 
the number and distribution of myonuclei in the area of sensory innervation and the nature of 
the structural substrate beneath the sensory terminals. 
23 Vol. 299. B. 
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F I G U R E 2. For description see opposite. 
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Figure 2 illustrates the equatorial nucleation of spindle 6 as reconstructed from sections of 
the primary and 5 T secondary regions of the b1 and bz fibres and the longest and shortest c fibres 
(see also plates 1 and 2) . Each nuclear bag consisted of a sheath of myofibrils that enclosed an 
aggregation of closely-packed, oval (typically 5 um x 7 um) myonuclei. At each end these 
reduced in number from three to two abreast, and finally to a single row of oblong (typically 
T A B L E 2. NUMBER AND DISTRIBUTION OF PRIMARY-REGION MYONUCLEI IN 
FOUR CAT TENUISSIMUS SPINDLES 
(Symbols: bv bag, fibre; bit bag 2 fibre. Chain fibres in spindles G and 12 numbered in order of 
decreasing length.|) 
spindle 
bag fibres chain fibres 
combined r 1 
no. myotube bag m yotube total 1 2 3 4 5 total total 
G 9 5 2 12 73 2 4 2 3 2 2 14 83 228 
b3 •J 5 3 10 72 
8 *. 9 5 2 9 70 3 7 3G 2 3 2G 18 140 316 
*» 10 88 8 106 
10 *. 0 5 9 11 76 38 3 0 2 5 93 256 
A* 11 08 8 87 
12 A. 9 3 4 9 52 2 4 19 18 2 0 11 92 197 
b2 8 3 5 10 53 
f Chain fibres 2 and 3 in spindle 6 are numbered as 3 and 2 by Banks (1981a), and he numbers chains 1, 2 , 
3 and 4 in spindle 12 as 4, 1 , 2 and 3. 
5 um x 9 um) nuclei contained within a centrally placed myotube. I t is convenient to define 
the nuclear bag as being delimited at each end by the level at which there is a consistent pres-
ence of three myonuclei abreast in five successive transverse or longitudinal 1 urn sections; and 
to define a myotube region as occupying a length of fibre from this level to the end of its axial 
core of sarcoplasm. Thus defined, the nuclear bags measured 70 um (bj) and 86 um (b2) long 
and contained 52 and 53 myonuclei, respectively. The lengths of the myotubes were 100 and 
172 jim ( i j ) and 93 and 148 um ( 6 2 ) , the longest being adjacent to the site of the St secondary 
ending. They contained nine and twelve (Aj) and nine and ten (A2) myonuclci, respectively. 
Table 2 includes these counts together with similar counts for spindles 8, 10 and 12. In this 
small sample it is evident that bt and b2 fibres either have a very similar number of myonuclei 
in the primary region or have most located in the b2 fibre. 
On the distal side of the primary region myonuclei were scattered at intervals along the 
length of the bag fibres, becoming fewer as these left the periaxial space for the distal pole. Each 
nucleus was more or less centrally aligned and enclosed within an envelope of sarcoplasm. On 
the proximal side, where the ^ secondary ending was located, there were dense aggregations 
F I G U R E 2. Equatorial nucleation of spindle 6 as reconstructed from sections of the primary and SL secondary 
regions of the bag, (4,) and bag 2 (A2) fibres and the longest and shortest chain (c) fibres (numbered 1 and 4, 
as in tabic 2 ) . Only myonuclei are shown; the few subsarcolemmal nuclei and satellite cells present have 
been omitted. The myonuclei are accurately drawn except those filling the nuclear bags, which are drawn 
as freehand outlines around their nucleoli. The alignment of each muscle fibre relative to the other is that 
which obtained in the spindle; the distal end of each fibre lies at top left. Sarcoplasm, such as that filling 
each myotubc (mt.), is shown black. See also figures 5 and 0, and plates 1 and 2. 
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of myonuclei in those areas of the bag fibres that received secondary terminals (see figures 2 
and 8) . I n the b1 fibre there were two rows of nuclei in this area, each enclosed within a separate 
myotube, whereas in the b2 fibre the nuclei were mostly contained within sarcoplasmic envelopes 
situated at all levels among the myofibrils. The same transverse section might include up to 
four. Bag-fibre myonuclei in the secondary region were usually longer and narrower than those 
in the primary region, typically measuring 4 um x 14 um. 
Counts of the myonuclei present in the primary region of the c fibres in spindles 6, 8, 10 and 
12 are given in table 2. There was a tendency for the longest fibres to have the most nuclei. I n 
spindle 6 the myonuclei in the longest fibre were enclosed within a myotube that was more or 
less continuous throughout the primary and secondary regions (see figure 2) . The nuclei were 
closer together in the primary region, and for a short length at the equator they formed a double 
instead of a single row so as to give the appearance of a miniature nuclear bag. By contrast, the 
shortest c fibre had a single row of myonuclei in a myotube that was confined to the primary 
region. 
Measurements of the total cross-sectional area of the bag fibres in spindle 6, made at intervals 
during their course through the equatorial region, showed that there was a marked increase in 
the region of the Sj secondary ending (see figure 3 ) . The largest cross-sectional areas of each bag 
fibre corresponded with the sites at which they received secondary terminals. At these levels 
their cross-sectional areas were approximately twice those at the equivalent levels on the distal 
side of the primary region, where there was no secondary ending. I n each bag fibre the pro-
portion of cross-sectional area occupied by myonuclei was approximately 7 0 - 9 0 % in the region 
of the nuclear bag, 30^50% in the myotube regions, and 1 0 % in the region of the secondary 
terminals (see figure 3 ) . 
The c fibres did not show a similar increase in thickness in the secondary region. Indeed they 
were somewhat thinner here than in the equivalent region on the distal side of the primary 
ending. From 40 to 60 % of the total cross-sectional area of the longest c fibre was occupied by 
myonuclei in the primary region, and about 1 5 % in the secondary region. 
(iii) Reconstructed primary endings 
Reconstructions of the primary endings of spindles 6 and 12 are shown in figures 4 and 5. 
The endings are remarkably alike in several respects. For example, in the proportional dis-
tribution of terminal contact area to the three types of intrafusal fibre, it is the bx fibre in each 
ending that is the most densely innervated. Thus, in spindle 6, 37 % of the total terminal contact 
area was distributed to the b1 fibre as against 24 % to the £ g fibre and 3 9 % to the four c fibres. 
This compares with proportions of 3 3 % (by), 2 5 % (b2) and 4 2 % (c fibres) in spindle 12, and 
in each ending it was the bx fibre terminals that covered the largest proportion of muscle-fibre 
surface (see table 3 ) . 
There were also consistent differences in the form and disposition of the terminals on the two 
bag fibres. I n the bx fibre, transversely orientated, regularly arranged terminals wrapped closely 
together around the nuclear bag were flanked on either side by an irregular array of terminals, 
many of which lay parallel with the fibre's axis. By contrast the terminals on the b2 fibre were 
more widely spaced apart and nearly all were transversely orientated, with minimal irregularity 
at each end. I n figure 7 these differences between the primary terminals on the bag fibres of 
spindle 6 have been emphasized by changing the alignment of the nuclear bags so that, instead 
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FIGURE 3. Graphs illustrating the cross-sectional areas of the bag fibres (bu b2) and longest and shortest chain (c) 
fibres of spindle 6 during their course through the equatorial region. Areas plotted at 50 um intervals; filled 
circles indicate total area of muscle fibre, unfilled circles the area occupied by myofibrils. Solid bar underneath 
each graph indicates length of fibre occupied by primary-ending terminals, broken bar indicates the length 
occupied by secondary-ending terminals. 
(a)-(g) Cross-sectional profiles of b2 fibre based on sections selected to represent condition at various levels 
during the course of the fibre through the equatorial region, as follows: (a) distal equatorial l imi t of periaxial 
space; (b) transition between distal myotube region and nuclear bag; (c) middle of nuclear bag; (d) proximal 
myotube region; (e) region between primary and secondary terminals; ( / ) region of secondary innervation; 
(g) proximal equatorial l imit of periaxial space. Myofibrils indicated by dots; myonuclei as hollow profiles, 
some with nucleoli; sensory terminals as peripheral black shapes. 
J 
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of their staggered arrangement in the ending, each is centred on the equator. In addition each 
bag fibre is repeated alongside to show its myonucleation. There was a close association between 
nucleation and innervation, but no constant relation between number of myonuclei and 
terminal contact area. 
The terminals on each muscle fibre may be regarded as being arranged in an essentially 
helical fashion, with the pitch progressively increasing towards each end. Various modifications 
are superimposed upon this basic pattern, such as branches to form a double helix, fusion of 
adjacent turns, and longitudinal anastomoses, which may themselves bear lateral branches. 
The irregularities produced by these factors were minimal among the terminals on c fibres and 
maximal among those on the bt fibre. Thus regular spirals of up to four complete turns occurred 
among the c fibre terminals in both primary endings, whereas the longest stretch of regular 
spiral among the bx terminals in spindle 6 was one and a half turns around one end of the 
nuclear bag. 
D E S C R I P T I O N OF F I G U R E S 4 - 6 
These figures illustrate the reconstructions of the primary and secondary endings described in the text. They 
should be examined with reference to figures 1-3, 7 and 8, which illustrate information abstracted from them, 
e.g. the branching of the l a axon supplying spindle 12, shown as reconstructed in figure 4, is shown schematically 
in figure 1; the primary terminals supplied to the bag figures of spindle 6, shown as reconstructed in figure 5, arc 
schematically represented in figure 7; and so on. 
The main conventions of line thickness and shading used are as follows. The standard line is that used to indicate 
the sarcolemma of the intrafusal muscle fibres. A thick line delineates internodal myelin and sensory terminals 
located on the near side of muscle fibres. A thin line indicates the outline of structures seen through other structures, 
e.g. most myonuclei. Preterminal axons and terminals have graded shading when located on the near side of muscle 
fibres, even shading when located on their far side. 
Nuclear-bag nuclei are represented by their nucleoli only. 
FIGURE 4. Isometric reconstruction of the primary ending of spindle 12. 
(a) The terminals on the chain (c) fibres are seen to be interconnected by sensory cross-terminals (s.c.t.) 
and to form two separate systems each supplied by one or two short preterminal axons. One c fibre in the 
lower group is almost completely obscured by two others. Some terminals belonging to the adjacent 
secondary ending are shown in outline at the end on the right. 
(A) The bag! (A,) and bag, (A,) terminal systems are each supplied by two preterminal axons. Note dense 
innervation of bl fibre. The gap between the bag fibres was occupied by the c fibres. 
(c), (d) First-order branches of I a axon supplying (c) the b2 and c fibres, and (d) the A, fibre. 
Symbols: n.R., node of Ranvier; pt.a., preterminal axon; sat.c, satellite cell; sbs.n., sub-sarcolemmal 
nucleus; Sch.cn., Schwann cell nucleus. 
FIGURE 5. Isometric reconstruction of the primary ending of spindle 6. Compare with figure 4. 
(a) Terminals on the c fibres; they are interconnected to form a single system supplied by two preterminal 
axons. 
(A) Terminals on the bag fibres. The A, terminal system is supplied by three preterminal axons, two of 
which subdivide close to their heminodes, whereas the bt terminal system is supplied by two preterminal 
axons derived from a single heminode. 
(c) First-order branches of the l a axons and their subdivisions that lie in front of the muscle fibres shown 
in relation to the outline of the intrafusal bundle. 
Symbols: bx br., b2e br., first-order branches of l a axon supplying, respectively, the A, fibre and the A, 
and c fibres. 
FIGURE 6. Isometric reconstruction of the 5, secondary ending of spindle G. The left end of the intrafusal bundle 
is continuous with the right end of that shown in figure 5. 
(a) Terminals on the c fibres. 
(b) Terminals on the bag figures. 
(c) Part of the I I axon and branches that lie in front of the muscle fibres shown in relation to the outline 
of the intrafusal bundle. 
Note that the preterminal axons (pt.a.), as compared with those in primary endings, arise from nodes as 
well as heminodes and are relatively longer and more abundant. 
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FIGURE 7. Schematic representation of parts of the reconstructed primary ending of spindle G shown in figure 5. 
The terminals shown are those supplied to the bag! (A,) and bag, (A,) fibres and the longest and shortest 
chain (t) fibres (numbered 1 and 4, as in table 2). I n addition each fibre is repeated alongside to show its 
myonucleation and thus demonstrate the relation between nucleation and innervation. Adjustments have 
been made to the original alignment of each muscle fibre relative to the others, mainly in order to position 
the centre of each nuclear bag on a common midline and thus facilitate comparison between A, and A2 
terminal systems. Terminals shown in outline at bottom end of c4 belong to adjacent S, secondary ending. 
Asterisks alongside c terminals indicate positions of sensory cross-terminals with other c fibres. 
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FIGURE 8. For description see opposite 
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Cross-terminals occurred frequently in both primary endings and were formed exclusively 
among c fibres. There was a tendency for the shortest c fibres to be involved with the greatest 
number of cross-terminals. The interconnections were usually made between two fibres, 
occasionally three. They resulted in the terminals on all four c fibres being interconnected in 
spindle 6, and those in spindle 12 being interconnected among one group of two fibres and 
another of three. This made it possible for the chain-fibre terminals to be distributed by fewer 
preterminal axons than were bag-fibre terminals. Only two such axons distributed terminals to 
the c fibres in spindle 6, as compared with seven supplying the bag fibres (five blt two bz). The 
preterminal axons measured 1-2 um in diameter and were of much smaller cross-sectional area 
than either the terminals they supplied or the myelinated axons from which they were derived. 
They connected with the terminals somewhere within the middle third of the ending on each 
bag fibre and on each group of c fibres. 
Examination of the 1 um thick serial transverse sections used in reconstruction revealed the 
presence of darkly stained granules located mostly towards the ends of the terminal systems 
supplied to each muscle fibre. T o identify the nature of these granules we cut serial longitudinal 
sections of the equatorial and juxtaequatorial regions of spindle 5, including some ultrathin 
sections for study with electron microscopy (see plate 2) . These confirmed the presence and 
distribution of the granules, which, under high magnification, proved to be osmiophilic bodies 
with a membranous organization and a range of electron densities. We concluded that they 
represented mitochondria in various stages of degeneration (cf. Hudson & Hartmann 1961), 
since the least dense, most highly organized bodies closely resembled nearby mitochondria 
(figure 17, plate 2) . 
(iv) Reconstructed secondary ending 
The reconstruction of the Sx secondary ending supplied to spindle 6 is shown in figure C. As 
in the adjacent primary ending, the terminals were distributed to all three types of intrafusal 
muscle fibre, but they covered the fibres more sparsely and were spread over a greater length 
(445 um as against 363 um). The total area of contact made by the terminals was less (12639 um 2 
as against 18492 urn 2), but proportionately much more was distributed to the c fibres (75 % as 
against 3 9 % ) (see table 3) . O f the remainder, the b2 fibre received about twice ( 1 7 % ) that 
received by the bt fibre ( 8 % ) . The close association between myonuclei and innervation was 
especially marked in the region of the bag-fibre terminals (see figure 8) . 
The terminals clasped and partially encircled the fibres in an irregular array that lacked 
spirals. Many terminals appeared to be completely isolated; presumably the strands connecting 
. them to other parts of the ending were so thin as to escape detection with the light microscope. 
Cross-terminals occurred between c fibres, and also between bag (br and b2) fibres and c fibres. 
The shortest c fibre was involved with the greatest number of cross-terminals (see figure 8 ) . The 
preterminal axons supplying the terminals arose from three heminodes and three penultimate 
FIGURE 8. Schematic representation of parts of the reconstructed S, secondary ending of spindle 0, shown in 
figure 6. As in figure 7, the terminals shown are those supplied to the bx, Aj , c l and t4 fibres, and each fibre 
has been repeated alongside to show its myonuclealion and demonstrate the relation between nucleation 
and innervation. Asterisks indicate positions of 11 sensory cross-terminals; 10 of these linked terminals on 
the e4 fibre to those on the A, fibre ( I ) , b2 fibre (5), and other c fibres (4), and there was one cross-terminal 
between the bl and cl fibres. 
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nodes. As in the primary endings, these axons measured 1-2 um in diameter, but they differed 
in occasionally extending for considerable distances (up to 200 um). 
(b) Analysis of silver preparations 
(i) Composition of the spindle sample 
The nature of the sensory innervation of the 310 spindles studied is shown in table 4. Most 
of the spindles were composed of three types of muscle fibre, but a small proportion (12 .9%) 
lacked a b1 fibre. It is convenient to refer to these as lbtf. spindle units', as distinct from tblb2c 
spindle units'. The b2c spindle units were all portions of tandem spindles in which the b2 fibre 
was continuous from one capsule, where it was accompanied by bl and c fibres, to another, in 
which it was accompanied by c fibres only (usually two or three). I n these units the equatorial 
nucleation of the b2 fibre usually resembled that of a c fibre. After passing through an encap-
sulated sensory region, each unit formed a very short pole that usually inserted into tendon, 
leaving the excluded b1 fibre to insert separately. In extensively sampled muscles the proportion 
of b2c spindle units was 23 .8% in extensor digitorum longus, 2 3 % in peroneus brevis, and 
between 6 and 11 % in the rest. In muscles less extensively sampled the highest proportions of 
b2c units were 2 8 . 6 % in extensor digitorum brevis and 2 7 . 3 % in flexor hallucis longus (see 
table 4 ) . 
Two-hundred-and-seventy b-Jitf spindle units received a total of 282 l a and 440 I I axons, a 
I a : I I ratio of 1:1.6. Twelve of these spindles (4 .4%) had primary endings formed by two l a 
axons (double primaries). Secondary endings (total 444) were usually located on both sides of 
the primary ending when two or more were present. The majority (70 .7%) terminated in the 
Sx position; the rest terminated in the S2 ( 23 .4%) , 5 3 ( 5 . 0 % ) , St (0 .7%) and Ss ( 0 .2%) 
positions. When several secondaries were distributed to a pole their positional arrangement was 
D E S C R I P T I O N O F P L A T E 1 
Photographs of some of the transverse sections used in reconstructing the sensory region of spindle 6. The 
distances between the sections selected for illustration in figures 9-14 are, respectively, 123, 0, 0, 39 and 466 um. 
The two large muscle fibres in each section are nuclear-bag fibres (bag, (6,) left; bag, (bt) r ight), the four smaller 
ones nuclear-chain fibres ( t ) . Epon sections, 1 pm thick, stained with toluidine blue. Abbreviations: ax.sh.n., 
axial sheath nucleus; cap., capsule; p.s., periaxial space; pt.a., preterminal axon; s.c.t., sensory cross-terminal; 
s.t., sensory terminal. 
FIGURE 9. Section through distal myotube of the bt fibre, here dissociated from the bt and c fibres. The c fibres 
are joined together as two pairs by regions of close apposition (arrows) such as described by Corvaja it al. 
(1967). Primary sensory terminals present at this level only on A, fibre. 
FIGURE 10. Section through nuclear bag of the 6, fibre, distal myotube of the bt fibre, and nuclear chains of the 
c fibres. The characteristic euchromatic nature of the bag and chain myonuclei is evident in this and the 
next three figures. Note prominent sensory cross-terminal between two of the c fibres. 
FIGURES 11 AND 12. Adjacent sections through the nuclear bags of both bag fibres. Two preterminal axons close 
to the A, fibre in figure 11 can be seen contributing primary sensory terminals to it in figure 12. The two 
sections also show the start of a sensory cross-terminal between a pair of c fibres. 
FIGURE 1.3. Section through proximal myotube of the A, fibre and nuclear bag of the A, fibre. The preterminal 
axon seen contributing a primary sensory terminal to the A, fibre was derived from the heminode of the 
myelinated I a axon branch arrowed at bottom right. The other two myelinated branches supplied terminals 
to the c fibres. 
FIGURE 14. Section through Sl secondary ending in a region where terminals are present on A,, A2 and c fibres. 
Note nucleation and relatively large diameters of the bag fibres. 
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T A B L E 3. AREAS AND DISTRIBUTION OF SENSORY ENDINGS IN TWO CAT TENUISSIMUS SPINDLES 
(Symbols: blt bag, fibre; bz, bag 2 f ibre; c, chain fibre. Chain fibres numbered in order of 
decreasing length.) 
terminal area area of fibre surface proportion of ending 
' covered (%) on fibre (%) 
primary ending 
(spindle 12) 
primary ending 
(spindle 6) 
£, secondary ending 
(spindle C) 
c l 
c2 
c3 
e4 
e5 
* i 
* . 
c l 
c2 
c3 
c4 
bt 
c l 
c2 
c3 
c4 
u m 2 
G154 
4738 
1364,\ 
2097 
1772 
1617 
1019/ 
0842 
4391 
1017 
2267 
1417 
1959 
974 
2205 
27751 
2554 
2082 
2049 
•7869 
7259 
9460 
59 
49 
40 
45 
45 
41 
43 
51 
41 
33 
41 
26 
38 
16 
16 
28 
30 
26 
27 
33 
25 
7\ 
11 
9 
9 
&) 
37 
24 
9 
12 
8 
11 
8 
17 
22 
20 
16 
16 
- 42 
39 
75 
normally sequential starting with Su but one spindle received a single secondary located in the 
S2 position. Spindles were most frequently supplied with one primary and one secondary ending 
(PSU 30 .0%) or a primary ending only (P, 25 .2%; 42 among 270 bxb# units, 36 among 40 
b%c units). 
(ii) Branching and distribution of primary (la) axons 
Examination of the branching undergone by 182 l a axons before terminating showed that 
they either remained unbranched (3 .3%) or divided to produce two (84 .0%) , three (11 .0%) 
or four (1 .7%) first-order branches. The axons examined included 39 supplied to b2c spindle 
D E S C R I P T I O N O F P L A T E 2 
Longitudinal sections through the primary sensory region of the A, fibre of spindle 5 illustrating nucleation, 
innervation, and nature of granules located in parts of the terminal system. Abbreviations: gr., granules; mit. , 
mitochondria; mt., myotube; s.t., sensory terminal. 
FIGURE 15. Section through the entire length of the primary terminal system on the bx fibre. The micrograph 
has been divided into two parts close to the middle of the nuclear bag. Terminals forming the regular, middle 
portion of the system are seen as profiles on each side of the bag, whereas those forming the irregular portions 
at each end are seen as profiles associated with the myotube regions. These terminals contain densely stained 
granules that do not occur in those forming the middle portion of the system. Epon section 1 um thick, 
stained with toluidine blue. 
FIGURE 16. Electron micrograph of the A, fibre including one end of the nuclear bag and part of one myotube 
region; the myotube itself lies largely outside the plane of section. Note abundance of mitochondria that 
occur in the sensory terminals. Osmiophilic granules, presumed to correspond with those shown in figure 15, 
occur in the irregular portion of the primary terminal system associated with the myotube region. 
FIGURE 17. Electron micrograph of part of the irregular portion of the primary terminal system, showing detail 
of granules, which appear to represent stages (arrows) in the degeneration of mitochondria. 
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units and eight involved in contributing terminals to two fibre types in double primary endings 
(see table 5 ) . 
The distribution of first-order branches to b1} b2, and c fibres was ascertained for 132 l a axons 
and gave the results shown in table 6. Among tenuissimus axons, the first-order branches of 
7 3 % (24 of 33) had a segregated distribution, i.e. were exclusively supplied either to bl or to 
b2 and/or c fibres, thereby resulting in separation of dynamic and static inputs. By contrast, the 
T A B L E 4. S I L V E R ANALYSIS: SENSORY INNERVATION OF SPINDLE SAMPLE 
(Symbols and abbreviations: A,, 4„ c, bag,, bag,, chain fibres; P, primary ending; S, secondary ending; ten., 
tenuissimus; p.b., p . I . , p.t., peroneus brevis, p. longus, p. tertius; s. and d.lum., superficial and deep lumbricals; 
sol., soleus; e.d.l., e.d.b., extensor digitorum Iongus and brevis; f .h. l . , flexor hallucis longus; t.a., t.p., tibialis 
anterior and posterior; p . int. , pes interosseus; r.f., rectus femoris.) 
muscles sampled 
sensory , 
innervation • A 
bxbf/c spindle units g A - j ~ —. -g "d 2 «i d, .S u total 
P 10 4 — C 10 1 6 1 1 2 1 — — — 42 
PSj 15 21 8 6 11 4 9 5 1 2 3 1 4 — 89 
PSiSt 12 6 2 3 4 — 3 3 1 — 1 — 1 — 30 
PSt — 1 — — _ _ _ _ _ _ _ _ _ _ l 
P S J J , 6 — — 1 1 — 1 1 — — 1 — — — 11 
PStSJgSt — — 1 _ _ _ _ _ _ _ 1 — — — 2 
P S ^ ^ S , i — — — — — — — — — — — — — 1 
S f S t 9 6 3 6 3 2 7 2 1 l _ _ _ _ 40 
S ^ S , 5 6 2 2 3 — 2 1 1 3 2 — — — 27 
SlPSlStS3 1 — 1 — — _ — _ — — — _ _ _ 2 
S&PSiSi 2 — — — — — 1 1 — — 1 — — — 5 
S ^ P S ^ — i — — — — — — — — — — — — 1 
— — — 1 — — — — — — — — — — 1 
PPSi 1 _ _ _ _ _ _ 1 — — — — — — 2 
PPSJ, — — — — — — — — — — i _ _ _ 1 
PPS^tS, 2 — — — — — — — — — — — — — 2 
SfPSy — — — — — — — — — — — — — i 1 
S1PPSlS1 l 2 1 — — — — 1 _ — — — _ — 5 
S&PPSiS^ — — — — — — — — — — 1 — — — 1 
b2c spindle units 
P 4 13 2 3 2 1 2 4 1 3 1 — — — 36 
PSl 1 1 — — — — — 1 I — — — — — 4 
t o t a l . . . 70 61 20 27 34 8 31 21 7 11 13 1 5 1 310 
first-order branches of 8 3 % (19 of 23) of l a axons supplying superficial lumbrical spindles had 
a mixed distribution, and such distributions were only slightly less frequent than segregated 
ones among the samples of l a axons examined from peroneus brevis, p. tertius and soleus 
muscles. The most common type of mixed distribution was that in which the bl fibre derived 
its terminals from the same first-order branch as one or two c fibres. Mixing was usually 
restricted to the dynamic input. This was so in 74 .6% (44 of 59) of l a axons in a sample where 
all had two first-order branches; mixing was restricted to the static input in 11.9%, and affected 
both inputs in 13.5%. 
The distribution of I a first-order branches was ascertained in eight double primary endings. 
Six of these were formed by one l a axon supplying terminals to blt b2 and c fibres in combina-
tion with another whose distribution was restricted to two fibre types, i.e. to bx and b2 fibres 
S E N S O R Y I N N E R V A T I O N O F C A T M U S C L E S P I N D L E S 3 4 7 
( 2 ) , b2 and c fibres ( 2 ) , or bt and c fibres ( 2 ) . In one double primary each l a axon supplied all 
three fibre types, and in another bx and c fibres were supplied by one l a axon, bz and c fibres 
by the other. 
(iii) Branching and distribution of secondary (II) axons 
Branching was examined among 2 7 2 secondary axons, i.e. 201 Su 5 8 S2, 11 S3, one St> and 
one Ss. The proportion remaining unbranched was 1 7 . 7 % ; the rest divided to produce two 
( 7 4 . 6 % ) , three ( 7 . 0 % ) or four ( 0 . 7 % ) first-order branches. Unbranched axons occurred less 
T A B L E 5. BRANCHING AND DISTRIBUTION OF PRIMARY AFFERENTS SUPPLYING 
CAT HINDLIHB MUSCLES 
(Abbreviations as in table 4.) 
distribution number of afferents innervating 
to fibre 
types 
first-order 
branches 
i 
ten. s.lum. p.b. p . l . p.t. sol. otherst total 
Al6,c 0 
2 
3 
4 
24 
6 
i 
16 
4 
3 
iAac spindle units: single primaries 
1 — 1 
24 4 10 
2 1 1 
1 
16 
1 
10 
2 
3 
104 
17 
3 
btc 2 
2 
3 
2 
b jbtf spindle units: double primaries 
— 
1 
3 
3 
V, 
bxbtc 
2 
2 
3 
2 
1 
— — 
1 — 
1 — — 
1 
3 
1 
2 
6 
2 
0 
2 
3 
5 2 
1 
2 
12 
spindle units 
2 3 1 
1 
1 
10 
3 
35 
1 
total . . . 43 25 41 9 15 20 29 182 
t l a afferents innervating d.lum. (4), e.d.l. (9), e.d.b. (2), f .h. l . (4), t.a. (6), p.int. (2), r.f. (2). 
frequently among St secondary axons ( 1 2 . 2 % unbranched) than among those terminating in 
more polar positions ( 5 2 , 2 9 . 3 % unbranched; S3, 3 6 . 4 % ; St and S5 axons both unbranched). 
One secondary axon in soleus branched at spindle entry and supplied two secondary endings, 
one on each side of the primary in the S1 position. 
The preterminal axons that supplied secondary terminals were derived either exclusively 
from heminodes (as in primary endings) or from both heminodes and penultimate nodes. The 
latter were usually those distal to the first branching node, but this node itself, as well as that 
immediately proximal to it, were also occasionally involved. Secondary endings supplied ex-
clusively from heminodes were more frequent in the S1 position than in more polar positions. 
For example, among 6 5 £ , endings, 4 2 ( 6 4 . 6 % ) were supplied exclusively from heminodes, 
whereas this was so in only six of 15 Sz endings ( 4 0 . 0 % ) . Generally speaking, the more polar 
the position of a secondary the more likely it was for the terminals to be partly derived from 
penultimate nodes, and for the parent axon to be unbranched. 
Table 7 correlates the position of 3 5 1 secondary endings with their distribution to the three 
24-2 
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types of intrafusal muscle fibre. The most common secondary (59 .0%) was the St ending dis-
tributed to bu b2 and c fibres, and this kind of distribution was the most common (67 .8%) in 
the sample as a whole. Restriction of terminals to one or two fibre types was more prevalent 
among secondaries terminating in the more polar positions. Thus the terminals of 6 8 . 4 % of S2 
and 6 0 . 0 % of Sa endings were restricted to one or two fibre types as against only 18 .2% St 
endings. 
T A B L E 6. DISTRIBUTION OF FIRST-ORDER BRANCHES OF PRIMARY AFFERENTS SUPPLYING CAT 
HINDLIMB MUSCLES 
(Symbols: A,, bag, f ibre; bt, bag 2 f ibre; c, chain fibre(s). Abbreviations of muscles as in table 4.) 
type of 
distri-
bution 
segregated 
distribution to muscle 
number of fibres mediating 
first-order dynamic (D) and 
mixed 
branches static (S) responses ten. s.lum. p.b. p.t. sol. otherst total 
2 D.S 19 — 14 5 8 5 51 
3 D:S:S A,:A a :c 3 — — — 1 — 4 
bl:btc:bl 1 — — — — — 1 
bl:btc:c — — — 1 — 1 2 
bl:btc:btc — 1 — — — — 1 
D-.D.S bl:b1 :btc 1 — 1 — — — 2 
4 D:D:S:S bi'.bi :bjc:c — 1 — — — — 1 
AjiAj :bt :c — 1 — — — — 1 
subtota l . . . 24 4 15 0 9 6 64 
2 DS.S bxbt :c — — 1 — 1 — 2 
b\bt :btc — 1 1 — — — 2 V :A a 
btc :bfC 
1 — 1 — — — 2 
4 C 1 1 2 3 17 
bibtc : 4 a — — 1 1 — — 2 
4,42c :c 1 3 1 — 2 0 13 
A,42c :btc — 1 2 — 2 1 0 
D:DS bx :4,4sc 1 2 2 — — 2 7 
DS-.DS 4,4 9 '.bjbfC — 1 — — — 1 2 
4,c :4,42 — — — — 1 — 1 
4 j C :4,A2c — 1 — 3 — — 4 
4,4 2c :4,4j>c — 1 — — — — 1 
3 D-.DS-.S 41:4,c:42 1 — — — — — 1 
bl:b1c:bic — 1 1 — — — 2 
DS.S-.S 4,c :bfC:c 1 2 — — — — 3 
bxc ib^c'.bfC — — — — — 1 1 
4,c :4 sc:4 2 — — — — — 1 1 
4,4 2 :c :c — — — — — 1 1 
sub to t a l . . . 9 19 11 5 8 10 08 
t o t a l . . . 33 23 20 11 17 22 132 
percentage segregated . . . 73 17 68 55 53 27 48.5 
percentage mixed . . . 27 83 42 45 47 73 51.5 
t l a afferents innervating p . l . (6), d.lum. (4), e.d.l. (3), f .h. l . (1), t.a. (4), p.int. (2), r.f. (2). 
A sample of 44 S± secondary axons innervating bu b2 and c fibres was examined to ascertain 
the distribution of first-order branches to the three fibre types. The sample comprised axons 
from tenuissimus (19) , soleus (11), peroneus brevis (6) , p. tertius (2) and lumbrical (6) muscles, 
and all had two first-order branches. A segregated distribution, in which one branch supplied 
the bx fibre while the other supplied b2 and c fibres, was infrequent in all muscles and occurred 
S E N S O R Y I N N E R V A T I O N O F C A T M U S C L E S P I N D L E S 349 
in only 22 .7% of the sample. In mixed distributions the usual condition (61 .8%) was for one 
first-order branch to supply the bx fibre together with c fibres, or bz and c fibres, and for the 
other to supply bt and c fibres. 
(iv) Diameters of spindle afferents 
Measurements of the intramuscular diameters of 259 I a and 357 I I axons showed that on 
average l a axons were about twice as thick as I I axons (mean diameters: l a , 7.1 um; I I , 
3.6 um) (see table 8) . The diameters of l a axons supplying b2c spindle units were generally 
T A B L E 7. SECONDARY ENDINGS: CORRELATION OF POSITION WITH DISTRIBUTION TO FIBRE TYPES 
(Abbreviations as in table 4.) 
distribution to fibre types 
position of t 
ending A2c c total 
207 7 38 1 253 
25 9 31 14 79 
s3 G 1 3 5 15 
st — 1 1 I 3 
st — — — 1 1 
t o t a l . . . 238 18 73 22 351 
percentage.. . . 07.8 5.1 20.8 0.3 
thinner than those supplying bxb^c spindle units. Thus the mean diameter of 37 b2c l a axons 
was 5.1 um in a range of 2.2-9.0 um (peak 4.0 um), whereas 213 b^b^c l a axons had a mean 
diameter of 7.5 um in a range of 3.4-12.8 um (peaks at 6.0 and 8.0 nm). There was no correla-
tion between the diameter ofbybtf l a axons and the presence, absence or number of secondary 
endings. 
The diameter of I I axons terminating as S2-S5 endings was generally less (mean 2.9 um) 
than that of those terminating as SY endings (mean 3.9 um). This decrease appeared to be 
related to polar position rather than to number of muscle-fibre types innervated. Thus among 
I I axons distributed to all three fibre types the mean diameter of 196 terminating in the Sx 
position was 3.8 um as compared with a mean of 3.0 um for 28 terminating in the S2-S5 
positions. Similarly, among those I I axons distributed to only one or two fibre types the mean 
diameter of 40 Sx axons was 3.8 um as against a mean of 2.8 um for 65 S t S s axons. 
The histograms in figure 18 compare the diameters of b^b^c I a axons, firstly, with those of other 
l a axons in the sample that supplied only two fibre types (figure 18a), and, secondly, with those 
of I I axons that also supplied blt b2 and c fibres (figure 18A). There is overlap in each case: the 
lower part of the bxb2c l a diameter range includes all but one of the l a axons supplied to two 
fibre types, and 75% of the I I axons supplied to three fibre types. However, in all three of the 
possible comparisons the differences between the mean values are significant (b^b^c l a > b^c l a ) 
or very highly significant (byb^ l a > b^b^c I I ; b^c l a > b^tf I I ) . 
(v) Primary endings 
The form of primary endings supplied to bxb$ spindle units was remarkably constant, the 
only major variation being that due to the presence of bag fibres additional to the normal 
complement of one of each type. I n the total sample of 270 such spindles (see table 4) this 
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F I G U R E 18. Histograms of fibre diameter for cat hindlimb spindle afferents as measured in teased, silver prepara-
tions. 
(a) Comparison between the diameters of I a axons supplying three types of intrafusal muscle fibre (un-
filled columns; n = 213) and those supplying two. The latter group consisted of 37 l a axons supplying bzc 
spindle units (filled columns), and eight supplying two fibre types (stippled columns) as follows: seven to 
double primary endings (three btc, two two blb1) and one (A,c) to a compound spindle. 
(A) Comparison between the diameters of I a axons supplying three types of intrafusal muscle fibre (un-
filled columns; same sample as in (a)), and I I axons that also supplied three types of intrafusal muscle fibre 
(filled columns; n = 224). 
T A B L E 8. INTRAMUSCULAR DIAMETERS OF SPINDLE AFFERENTS 
(Abbreviations as in table 4.) 
number of axons measured diameter/um 
type of axon measured , " * , *• 
primary ( la) supplying: c . lu
m
 
lu
m
 
73 
ji 
•6 
4-1 
.s 
total range mean 
(a) 3 fibre types d d d w •v o V o < ^ d 
6,i>sc spindle units 51 37 11 17 28 7 23 12 5 7 10 5 213 3.4--12.8 7.5 
(A) 2 fibre types 
bsc spindle units 5 12 1 3 2 1 2 5 2 3 1 — 37 2.2--9.0 5.1 
othersf 6 — 1 — — — — 1 — — 2 — 9 4.6-8.1 6.5 
total . . . CI 49 13 20 30 8 25 18 7 10 13 5 259 2.2--12.8 7.1 
secondary (II) supplying: 
bYbtc spindle units 
sl 09 40 21 23 24 8 27 14 4 4 15 4 253 1.7--7.7 3.9 
S, 28 15 5 4 0 — 7 5 — 2 9 — 81 1.4--4.0 2.9 
6 1 2 1 — — 1 1 — — 3 — 161 
s* 1 — 1 1 — 3 1.6-4.5 2.7 
1 • 
btc spindle units 
1 1 — — — — — 1 1 — — — 4 2.6-4.3 3.1 
total . . 106 57 29 28 30 8 35 21 5 6 28 4 357 1.4-7.7 3.6 
t Eight l a axons contributing to double primary endings; one innervating 4,c fibres in an aberrant primary 
supplied to a compound spindle. 
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occurred in 32 (11.9%) and most frequently involved the duplication of the by fibre: 28 spindles 
had two by fibres, two had three, and two had two bag fibres of each type. I n some spindles 
duplication of the by fibre was accompanied by a reduction in the number of c fibres. I n most 
of the muscles sampled the frequency of spindles with more than one by fibre was below 10%, 
but in tibialis anterior it was 16.7% (two of 12), extensor digitorum longus 18.8% (three of 
16), superficial lumbrical 28.1 % (nine of 32) and pes interosseus 80 .0% (four of five). 
The mean length of 151 single primary endings was 359 um in a range of 242-608 um; the 
lengthSiOf seven double primaries fell mostly in the upper part of this range (mean 466 um). 
There was no consistent difference between the two types of bag fibre in the length occupied 
by primary terminals; the mean length innervated in by fibres was 294 um, in b2 fibres 282 um. 
There was also no significant difference between the maximum diameters of the by and b2 
terminal systems; the mean of 134 by measurements was 24.6 um (s.e. 0.56 um) as compared 
with a mean of 25.0 um (s.e. 0.49 um) for 120 b2 measurements. According to Homma & Seki 
(1964) spindles in the fast tibialis anterior muscle have wider nuclear bags than those in the 
slow soleus, but our measurements did not reveal any significant difference. 
The terminal systems supplied to bag fibres in the sample of 151 single primary endings 
consisted of a middle portion, in which the terminals were arranged mainly as regular trans-
verse bands, and portions at each end, in which the terminals were disposed as irregular forms 
in mainly diagonal and longitudinal arrangements. The terminal systems supplied to by and b2 
fibres were distinguished from each other by the following features. 
(i) Lack of an irregular portion at one end of the terminal system. This occurred frequently 
(43.4%) among b2 systems, seldom (4 .4%) among by systems. In four endings the b2 systems 
were entirely regular. 
(ii) Relative proportions of regularity and irregularity in the two systems. Partly as a con-
sequence of (i), the terminal systems supplied to b2 fibres were mainly regular; on average their 
regular portions occupied 67 % of their total length. By contrast, the irregular portions pre-
dominated in by systems, occupying, on average, 57 % of their total length. 
(iii) Difference in number of bands encircling each fibre in the regular portion of its terminal 
system. I n most endings the number of bands per unit length was greatest in the bt system; 
this was so in 78 % of the sample, there being no difference among the rest. The excess number 
per 50 um length ranged from one to four, and was usually one (48%) or two ( 2 2 % ) . 
Drawings of by and b2 terminal systems traced from photographs are shown in figure 19. The 
most notable feature of the terminals supplied to c fibres was the fairly common occurrence of 
continuous sequences of spirals, sometimes with as many as six or seven complete turns, about 
twice the maximum number that occurred among spirals supplied to bag fibres. This, and other 
features o(byb2c primary endings, are illustrated in plates 3, 4 and 6. 
The primary endings supplied to b2c spindle units were mostly irregular in appearance and 
formed a straggling array that generally extended over a greater length than byb2c primaries. 
The mean length of 32 was 402 um in a range of 243-833 um, with most measuring between 
400 and 500 um. Continuous sequences of spirals were sometimes present among the c fibre 
terminals, and regular transverse bands occurred around the most heavily nucleated part of 
the b2 fibre when this constituted a bag rather than the more usual chain of nuclei. Photographs 
of these endings, and of the equatorial nuclcation of the A2c unit, arc illustrated in plate 5. 
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(vi) Secondary endings 
A constant feature of all secondary endings was the distribution of terminals to c fibres, 
largely in the form of widely spaced spirals and incomplete loops, and in most endings this was 
[the dominant feature. The terminals were more dispersed and generally thinner, more delicate 
and irregular than those supplied to c fibres in primary endings, but viewed collectively they 
presented a similar annulospiral appearance. When bag fibres were included in the innervation, 
their terminals were usually much more irregular, and those supplied to the b1 fibre were often 
in the form of sprays. Occasionally these sprays were a dominant feature so that the appearance 
of the ending could then more appropriately be described as 'flower-spray'. I n such endings the 
bl innervation was extensive and the c innervation was reduced, sometimes because the c fibres 
were fewer than usual. There was frequently a strong resemblance between the spray terminals 
of an Sx secondary ending supplied to a bt fibre and the adjacent irregular portion of the primary 
terminal system supplied to the same fibre. 
The lengths of the secondary endings studied were about the same as those of the primary 
endings. The mean length of 313 secondaries (221 Slt 71 S2, 17 S3, 4 St) was 348 um in a range 
of 138-716 um; S2 endings tended to be the longest (mean 385 um, range 202-716 um). 
Instances of overlap between sensory and motor innervation were occasionally observed in the 
Sl-St positions involving secondary terminals on c fibres and trail endings on bag fibres. 
A study of the supply of terminals to bag fibres in 83 b^b^c S1 secondary endings was made in 
order to quantify the amount of innervation received and its proportional distribution between 
the two types. The sample comprised endings from tenuissimus (26), peroneus brevis (16), 
p. tertius (15), soleus (13) and superficial lumbrical (13) muscles supplied to a total of 67 
spindles. The mean lengths of the bx and b2 fibres innervated in these endings were, respectively, 
143 um (range 18-360 um) and 173 um (range 16-434 um). O n average the innervated portions 
represented 4 2 % (bj) and 5 1 % (b2) of the total length of the ending. I n the endings sampled 
from tenuissimus and soleus the longest innervated portion belonged to either type of bag fibre 
with about equal frequency, but in 6 3 % of all endings sampled it belonged to the b2 fibre. The 
b± fibres received an average often terminals (range 2-31), the b2 fibres an average of 13 (range 
2-46). The presence of an additional bx fibre in the spindle did not always result in an excess 
of b1 innervation, though this was often the case. The b2 fibre received the most terminals in 
6 4 % of the endings. A supply of eight terminals provided an innervation that was arbitrarily 
judged to be visually significant. The proportion of endings on bx fibres with eight or more 
terminals was 6 5 % , that on b2 fibres 76%. 
I n four of the 40 A2c spindle units the primary ending was accompanied by an St secondary 
ending (see table 4) . The predominance of terminals supplied to the b2 fibre gave the endings 
a markedly irregular appearance. 
In some muscles secondary endings were noticeably fewer than in others. In muscles exten-
F I G U R E 19. Primary terminals supplied to bag, (6,) and bag 2 (b2) fibres in spindles from (a) tenuissimus and (6) 
superficial lumbrical muscles. Drawings traced from photographs of teased, silver preparations; a photograph 
of the tenuissimus preparation used is shown in figure 25, plate 4. Arrows indicate preterminal axons that 
have been cut, but which in the ending ran on to supply terminals to chain (c) fibres. Asterisk indicates position 
of a sensory cross-terminal with a c fibre. The 6 t terminal system in (a) and the bt system in (4) are each 
derived from a single heminode. The difference in spacing of the bands encircling the regular portions of the 
bl and bt systems is especially marked in (b). Note the characteristically irregular portions of the bl systems. 
25 Vol. 299. B. 
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sively sampled the lowest l a : I I rat io was 1 : 1 . 2 i n superficial lumbr ica l ; amongst the highest 
were tenuissimus ( 1 : 1 . 7 ) and peroneus longus ( 1 : 1 . 8 ) . Drawings, traced f r o m photographs, o f 
secondary terminals supplied to by and b2 fibres are shown i n figure 2 0 , and the main features 
o f secondary endings that have been described are illustrated in plates 3 , 5 and 6. 
4. D I S C U S S I O N 
This study has shown that there are a number of constant features i n the f o r m and distr ibu-
t ion of sensory terminals i n cat h ind l imb spindles. Among these are: (i) the close association 
between sensory terminals and equatorial myonuclei ; ( i i) the fact that among ind iv idua l fibres 
the b1 fibre always receives the most innervation in pr imary endings and usually the least i n 
secondary endings; ( i i i ) the almost exclusive restriction o f sensory cross-terminals (Adal 1969) 
i n pr imary endings to interconnections between the terminals supplied to c fibres; and (iv) the 
occurrence o f ^ secondary endings distributed to bu b2 and c fibres as the most common type o f 
secondary i n al l muscles sampled. W e shall explore the funct ional significance o f these features 
having first considered them i n the context o f spindle development. 
The association between innervation and nucleation begins when spindle development is 
ini t iated by the contact of a I a axon wi th a developing myotube that wou ld otherwise have 
matured into an extrafusal muscle fibre. There follows a period o f morphogenesis induced by 
the l a axon dur ing which the three types o f intrafusal muscle fibre and their equatorial nuclea-
t ion are differentiated i n the sequence b2, bu c (Zelena 1957; Landon 1972; M i l b u r n 1973; 
Barker & M i l b u r n 1982). Thereafter the l a axon appears to play a major role i n the main-
tenance o f the adult spindle, so that, for example, after deafferentation, the equatorial nuclei 
disappear and are ultimately replaced by myofibri ls , and the periaxial space is reduced (Tower 
1932; Boyd 1962; Kucera 1980). A n abundant and varied population of vesicles i n the terminals 
o f the pr imary ending, as well as beneath them i n the muscle fibres, strongly supports Zelena's 
(1957, 1964) assumption that the influence o f the l a axon is mediated neurohumorally. 
Secondary axons seem to have much less influence. Spindles that lack them, though slightly 
smaller, appear to be entirely normal. Our data indicate that secondary axons are supplied to 
developing spindles in a random fashion, since the frequency distr ibution o f spindles that 
received different numbers of secondary endings is b inomial (see figure 4 1 ) . We suggest that 
the axons are led to the developing spindles by contact guidance, growing down paths already 
established by the I a axons. They reach developing cat spindles after I a and P axons, at about 
the same time as y axons (A. M i l b u r n 1981, personal communication). A t this stage the process 
o f separation o f interlocked myotubes has started to spread f r o m the poles to the equator and 
the bx myotube is becoming increasingly dissociated f r o m the rest o f the intrafusal bundle 
F I G U R E 20. Terminals of St secondary endings supplied to bag t (A,) and bag, (i,) fibres. Drawings traced from 
photographs of teased, silver preparations. 
(a) Tenuissimus spindle; the bY fibre receives nine terminals in the form of a spray, whereas the bt fibre is 
surrounded by a complex configuration of 46 terminals. 
(ft) Superficial lumbrical spindle with two A, fibres (a photograph of the preparation is shown in figure 38, 
plate ii). The 61 fibres together receive 19 terminals, the b2 fibre 16. 
(e) Tenuissimus spindle; in this ending the 6, fibre, with 19 terminals, is more densely innervated than the 
bt fibre, with six terminals. Note that each configuration of terminals supplied to the A, fibre is derived from 
a penultimate node. Arrows indicate preterminal axons that have been cut, but which in the ending ran on 
to supply terminals to c fibres. 
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D E S C R I P T I O N O F P L A T E 3 
Photographs of teased, silver preparations illustrating features of primary (P) and secondary (£,) endings 
innervating spindles in cat hindlimb muscles. Abbreviations: l a , primary axon; I I , secondary axon; 6,, bag, 
fibre; A, br., As br., br., A2« br., first-order branch of I a axon supplying A, fibre, A2 fibre, A,A. fibres or A8e fibres; 
A, p.t.s., bl primary terminal system; A2, bag 2 fibre; A2 p.t.s., b2 primary terminal system; c, chain fibre(s); c sp., 
chain-fibre spiral terminals. 
F I G U R E 21. The primary ending of a soleus spindle is supplied by a l a axon that has a segregated distribution; 
£, secondary endings lie adjacent to it in the upper and lower parts of the figure. The A, fibre is dissociated 
from the others, and the position of the three types of muscle fibre in the intrafusal bundle alters, left to right, 
from bu A2, c at the top of the figure, to A2, c, A, at the bottom. Note irregular terminals (i.t.) at each end 
of the A, primary terminal system (otherwise only faintly stained) and the supply of secondary terminals to 
the A, fibre at top left and bottom right of spindle. Asterisk denotes example of preterminal axon being 
derived from the penultimate node of a I I axon. 
F I G U R E 22 . Two l a axons supply a double primary ending in a peroneus longus spindle; that at the top of the 
figure (A,4j la ) innervates the A, and bt fibres, whereas that at the bottom (A,Atc la ) innervates all three 
fibre types. 
F I G U R E 23 . The primary ending of a superficial lumbrical spindle is supplied by a I a axon that has a mixed 
distribution; an 5 , secondary ending lies adjacent to it in the lower part of the figure. The equatorial dissocia-
tion of the 6, fibre provides a clear view of its primary terminal system and secondary innervation. Asterisk 
denotes point where I I axon divides to produce two first-order branches; the branch on the right gives rise 
to three preterminal axons, two of which travel downwards to supply terminals to the A, and A2 fibres, while 
the third travels upwards to supply terminals to bt and c fibres. 
F I G U R E 24. Photographs taken at different focal planes to illustrate a primary ending supplied to a peroneus brevis 
spindle with two A, fibres. The focal plane in (a) shows primary terminal systems supplied to the A2 fibre 
(left) and one of the A, fibres, whereas that in (A) shows the chain fibre terminals (left) and the primary 
terminal system supplied to the other A, fibre (right). The bands encircling the At fibre are seen to be spaced 
wider apart than those around the A, fibres. Three first-order branches were produced by the l a axon 
supplying the ending, and their distribution was segregated. 
D E S C R I P T I O N O F P L A T E 4 
Photographs of teased, silver preparations illustrating features of primary endings innervating spindles in cat 
hindlimb muscles. Abbreviations as in plate 3 . 
F I G U R E 25. Primary ending of a tenuissimus spindle supplied by a l a axon whose segregated distribution is clearly 
evident. The focal plane selected is that which best demonstrates the A, terminal system. The terminals 
supplied to the Ae fibre lie on the right underneath the chain-fibre terminals. Drawings of the bag-fibre 
primary terminals supplied to this spindle are shown in figure 19a. 
F I G U R E 26; Part of a primary ending supplied to a peroneus brevis spindle provides an example of a continuous 
sequence of spirals around a chain fibre. Irregular terminals belonging to the A, terminal system lie immedi-
ately above. 
F I G U R E 27. Example of an unbranched l a axon. The preterminal axons distributing the primary terminals are 
all derived from one heminode. Peroneus brevis spindle. 
F I G U R E 28. Part of primary ending supplied to a peroneus brevis spindle illustrating typical contrast between the 
end portions of the terminal systems on the A, and A2 fibres. 
F I G U R E 29. Primary ending supplied to a peroneus brevis spindle. The position of the three types of muscle fibre 
in the intrafusal bundle alters, left to right, from A„ c, A, in the top half of the ending, to A„ A„ c in the 
bottom half. The A, terminal system, with its irregular portions at both ends, contrasts with the terminal 
system supplied to the A2 fibre, which is regular at one end (top of figure) and irregular at the other (bottom). 
The terminals supplied to the A2 fibre in the top half of the ending all originate from one centrally placed 
preterminal axon and wrap around the fibre in ribcage fashion, a fairly common type of configuration. 
Terminals are similarly disposed around the chain fibre in the bottom right half of the ending. 
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D E S C R I P T I O N O F P L A T E 5 
Photographs of teased, silver preparations illustrate the sensory innervation and equatorial nucleation of b^c 
spindle units, and are compared with a figure from RuflRni (1898). Abbreviations: b.v., blood vessel; p.s., periaxial 
space; Pipl., Pi plate; tr.e., trail ending. Other abbreviations as in plate 3. 
F I G U R E 30. A A,e spindle unit from peroneus brevis is supplied with a primary ending and one Sx secondary 
ending. The A2 fibre lacked a nuclear bag and was accompanied by three c fibres. 
F I G U R E 31. Rurfini (1898), in his figure 3, plate 2, reproduced here, illustrates a type of primary ending in which 
' the pure spiral or ring form occurs only here or there, the greater part showing S or C forms intercalated 
a*mong forked, hooked or comma-shapes' (p. 199). The figure and description strongly suggest what we 
recognize as a primary ending supplied to a A2t spindle unit. 
F I G U R E 32. A A2c spindle unit from pcroneus brevis illustrating the exclusion of the At fibre belonging to the 
tandem-linked bjb^c spindle unit. The bse unit, consisting of one bt and three c fibres, is seen to be innervated 
by a I a axon and fusimotor axons terminating as trail endings, while the excluded b1 fibre receives a p t plate. 
A c fibre belonging to the tandem-linked bxbtc unit inserts alongside the btc unit. 
F I G U R E 33. Equatorial region of a A2e spindle unit from tenuissimus. Three c fibres accompany the A2 fibre, which 
is seen to possess a chain of myonuclei. The terminals of the primary ending are unstained. 
F I G U R E 34. Primary ending supplied to a A2c spindle unit from peroneus brevis. The A2 fibre was accompanied 
by four c fibres. The regularly spaced bands that can be seen in the ending at the level of the asterisk encircle 
the b„ fibre. 
D E S C R I P T I O N O F P L A T E 6 
Photographs of teased, silver preparations illustrating features of primary and Sl secondary endings innervating 
spindles in cat hindlimb muscles. Abbreviations: tr.a., trail axon; tr.e., trail ending. Other abbreviations as in 
plate 3. 
F I G U R E 35. Peroneus brevis spindle illustrates overlap that may occur in the distribution of secondary and fusi-
motor endings. The A, fibre, positioned on the lower side of the intrafusal bundle, receives a typical system 
of terminals in the primary ending on the right, while in the adjacent £ , position a secondary ending is 
distributed to the A, and c fibres. The trail axon on the left innervates all three muscle-fibre types; the 
terminals supplied to the bx fibre are seen to overlap in position with the Sy secondary ending. The innervation 
of Aj fibres by trail axons occurs in 17% of spindles in peroneus brevis (Barker & Stacey 1981). 
F I G U R E 36. An S1 secondary ending supplied to a superficial lumbrical spindle clearly demonstrates the distribu-
tion of terminals to all three types of intrafusal muscle fibre. 
F I G U R E 37. Example of Si secondary innervation of a A2 fibre in a peroneus brevis spindle. The A2 fibre lies on 
the right of the intrafusal bundle, the At fibre mostly at top centre with the c fibres beneath it. The regular 
end portion of the A2 terminal system in the primary ending contrasts typically with the irregular end portion 
of the A, terminal system. The A, fibre received an extensive secondary innervation of 30 terminals distributed 
over a length of 434 um, as compared with 11 terminals distributed to the At fibre over a length of 182 um. 
F I G U R E 38. Primary and J , secondary innervation of superficial lumbrical spindle that possessed two A, fibres. 
Each A, fibre is supplied with a primary terminal system with typically irregular portions at each end, and 
is also supplied with terminals in the Sv secondary ending (cf. figure 20A). 
F I G U R E 39. Example of typical contrast between the regular features of primary-ending terminals (spirals on c 
fibres, regular end of A2 terminal system) and the irregularity of SY secondary terminals. Peroneus brevis 
spindle. 
F I G U R E 40. The elaborate sprays of terminals supplied to the A, fibre in this S, secondary ending were its dominant 
feature, giving a general appearance more aptly described as 'flower-spray' than 'annulospiral'. Peroneus 
tertius spindle. 
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(Barker & Milburn 1982). Thus the first secondary axon to reach any given spindle is most 
likely to terminate in an S1 position on a bundle of interlocked myotubes and supply all three 
fibre types, whereas any that arrive later will be obliged to terminate in more polar positions 
where the myotubes have already become separate and the innervation of only one or two fibre 
types is more probable. The proportional distribution of secondary endings to the three types 
40 (6) (a) 
S 
i> 20 to 5 
number of n. 
secondaries 
F I G U R E 41 . (a) Histogram showing the frequency distribution of A 1i 2e spindle units receiving different numbers 
of secondary endings. Data used are those in table 4 that relate to units supplied with a single primary ending. 
(b) Histogram showing the frequencies expected from a binomial distribution with parameters (p = 0 .22, 
n = 7 ) calculated from the histogram in (a), (x* goodness-of-fit test; \* = 0 .43 , for 5 degrees of freedom 
P < 0 .01.) 
of muscle fibre in adult spindles (see table 7) is thus accounted for. Equatorially the process of 
separation is never completed among c fibres, hence the regions of close apposition and sensory 
cross-terminals that occur among them in the adult. 
Chain fibres frequently contract as a group on fusimotor stimulation (Boyd 1966, 1976), and 
their effect on the primary response is so powerful as to drive it at the frequency of their own 
contractions, up to about 60 Hz under suitable conditions (Boyd 1981). I n the context of other 
characteristics of c fibres it seems likely that their cross-terminals represent a positive adaptation 
to such behaviour, perhaps to produce as large a generator potential as possible. Nevertheless, 
if the functional unity of c fibres is important, it is not clear why there should be so many. I t 
may be that in view of the relatively poor vascularization of the spindle, a high surface/volume 
ratio is essential for their metabolism. Also more fibre surface is made available for sensory 
innervation in a given length of equatorial region, and, as \ . c have shown, c fibres collectively 
receive the greatest amount of contact area with both primary and secondary terminals (see 
table 3). 
The dense innervation of the bt fibre in primary endings is presumably adapted to generate 
a sufficiently large dynamic component in the receptor potential, since considerably more fibres 
(b2 and c) are involved in the static input. The innervation of the by fibre by secondary endings 
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appears to be of l i t t le functional significance. Al though some secondary endings have a high 
dynamic sensitivity to passive stretch (Jami & Petit 1979), there appears to be no obvious 
correlation between this and the extent o f their by secondary innervation. Moreover, s t imulation 
o f dynamic fusimotor axons rarely increases the dynamic sensitivity o f secondary endings 
(Appelberg el al. 1966; Boyd 1981), although i t does occasionally increase their static sensitivity 
( L . J ami & J . Petit 1980, personal communication). T h e static effect may be due to the en-
hanced 'creep ' o f the by fibre that occurs dur ing dynamic fusimotor st imulation fol lowing the 
completion o f ramp stretch (Boyd 1981). This could lead to a compensatory extension o f the 
secondary terminals while the pr imary region was shortening so as to produce what Matthews 
(1964) envisaged as ' an inverse dynamic response, consisting o f a static response developing 
w i t h a l ag ' . 
Our data on the branching of spindle afferents have important implications for the manner 
i n which nerve impulses are generated f r o m the endings and propagated into the axons. Quick 
et al. (1980), using a cytochemical method, have shown that w i th in the final branches o f l a 
axons the heminodes and some of the penultimate nodes are all potential sites o f spike in i t ia t ion . 
I f the membrane properties o f these nodes are similar, the preferred sites for impulse generation 
would be the heminodes, resulting i n a complex pattern o f spikes converging on the parent 
axon. Since abortive spikes have been observed i n isolated frog spindle preparations (Katz 1950; 
I t o 1976; I t o & Komatsu 1976), i t may be assumed that not al l spikes propagate into the parent 
axon. This may be attr ibuted to the relatively low safety factor o f the branch points (Krn jev ic 
& M i l e d i 1958) resulting in some o f the nodes at these points acting as further stages in the 
encoding o f the afferent response. 
For l a axons whose first-order branches have a segregated distr ibution there would presum-
ably be separate dynamic and static pacemakers. These have been demonstrated by Hul l iger 
& N o t h (1979), whose results show that the outputs o f the separate pacemakers do not summate 
l inearly; indeed the dynamic pacemaker may be total ly occluded when its output falls below 
that o f the static one. Our reconstructions o f the branching patterns o f l a axons (figure 1) 
suggest how this may occur. When an impulse, propagating centrally i n a first-order branch, 
reaches the first branching node i t w i l l then propagate orthodromically in to the parent axon, 
and, provided that i t is not refractory, antidromically into the other first-order branch. D u r i n g 
the fol lowing refractory period this branch would then be less likely to transmit another impulse, 
thus suppressing its pacemaker. However, the antidromic impulse might itself fa i l to propagate 
in to some o f the smaller branches, or be eliminated by collisions w i t h abortive orthodromic 
spikes w i t h i n them. Since these effects would be cumulative, a profusely branching first-order 
system would recover f r o m an antidromic impulse more rapidly than one w i t h fewer branches. 
Examination of the l a branching patterns shown i n figure 1 shows that the first-order 
branches associated wi th static input ( f rom bz and c fibres) tend to be more profusely branched 
than those associated wi th dynamic input ( f rom by fibres). There is thus a correlation between 
the morphological and physiological asymmetry. I f this interpretation is correct the branching 
pattern o f spindle 6 shown in figure 1 should produce a more symmetrical interaction between 
its dynamic and static pacemakers than is typical. We would suppose that the branching 
patterns of I a axons exert a major influence on the pattern of the afferent response, and suspect 
that the dynamic pacemaker is more easily occluded i n l a axons that have a mixed distr ibution. 
Similar considerations apply to secondary axons, though in some instances their branching 
allows for a terminal input f r o m penultimate nodes as well as heminodes. Presumably these 
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nodes act as spike generators, or as modulators o f impulse transmission. The variable dynamic 
sensitivity of secondary endings may part ly be accounted for by a variable input f rom bl 
terminals, though, as already mentioned this sensitivity is rarely affected by dynamic fusimotor 
st imulation. 
The spiking activity o f the final branches o f spindle afferents is presumably generated by 
receptor potentials produced by their terminals. A n electrotonic potential has been recorded 
i n the l a axon about 1 m m f r o m its terminal by H u n t & Ottoson (1975) using an isolated 
cat-spindle preparation in which spiking activity was blocked wi th tetrodotoxin. They refer to 
this as the receptor potential, but i t is perhaps more accurately regarded as the algebraic sum 
of several receptor potentials, each associated w i t h a single terminal branch system. Thus i n 
pr imary endings there would be at least three receptor potentials separately produced by 
terminals on bu b2 and c fibres. By analogy w i t h impulse activity i n a group o f axons, the 
potential recorded by H u n t & Ottoson could be referred to as the 'compound receptor poten-
t i a l ' (c.r .p.) . However, the c.r.p. is probably an abstraction since its appearance would normally 
be prevented by spiking activity in the final afferent branches. H u n t et al. (1978) have shown 
that the c.r.p. is generated mainly by increased N a + conductance, and presumably the i n d i -
v idual receptor potentials are generated in the same way. 
The actual transduction mechanism is still a matter for speculation. I n its simplest fo rm i t 
would involve direct coupling of the ion-permeability changes to stretch deformation o f the 
terminal membrane adjacent to the intrafusal muscle fibre (Katz 1950), and this seems to be 
the mechanism favoured by H u n t et al. (1978) and I to el al. (1980). However, consideration o f 
the f lu id mosaic model of membrane structure (Singer & Nicholson 1972) makes i t d i f f icu l t to 
see how the membrane could support the necessary longitudinal tension changes for this to 
occur. Moreover, since the terminals are convex structures occupying grooves i n the muscle 
fibres (Adal 1969), i t seems more l ikely that the membranes flatten out rather than stretch 
dur ing muscle lengthening. Flattening o f f rog sensory terminals has been described by Karlsson 
et al. (1971). Furthermore there is no evidence that the terminals adhere directly to the muscle 
fibres; they appear instead to be pressed against them by the basal laminae o f the muscle fibres, 
which pass over the free surfaces o f the terminals. 
We believe that the deformation leading to transduction may be due to a deformation of the 
whole sensory terminal brought about by increased tension i n the basal lamina, the terminal 
being squeezed between the lamina and the underlying muscle fibre. We suggest that the Na+ 
channels are distributed over the whole terminal membrane, rather than being restricted to 
that part adjacent to the muscle fibre, and that their permeability is affected by an intracellular 
messenger released f r o m a bound state by the increase i n cytoskeletal tension that may be 
presumed to accompany the bulk deformation o f the terminal. Such a process has the advantage 
o f introducing a possible amplif icat ion stage between the i n i t i a l mechanically l inked event and 
the permeability changes, thereby al lowing for very high sensitivity. The intracellular messenger 
would most probably be C a 2 + since i t is thought to play a similar role i n retinal receptors 
(Hagins 1979) as well as acting as an intracellular messenger i n a number o f other subcellular 
systems (Kretsinger 1979). Removal o f C a 2 + f rom the extracellular fluid has profound effects 
on crustacean muscle receptors (Wiermsa et al. 1953), as does the inclusion o f C a 2 + channel 
blockers on frog spindles ( I t o el al. 1980), but so far no effect has been reported for mammalian 
spindles (Hun t el al. 1978). 
Soon after i t was recognized that intrafusal muscle fibres were of two types, nuclear-bag and 
S E N S O R Y I N N E R V A T I O N O F C A T M U S C L E S P I N D L E S 361 
nuclear-chain (Cooper & Daniel 1956; Boyd 1956), i t became evident that pairs of spindle 
capsules were sometimes linked together i n tandem by a single bag fibre, the smaller capsule 
o f the two being supplied by a markedly irregular pr imary ending (Barker & I p 1961; Barker 
& Cope 1962). We have established that the link is made by the b2 fibre, and have recognized 
the smaller capsule, f r o m which the by fibre is excluded, as a b^c spindle uni t innervated by a 
l a axon o f relatively small diameter. Despite some features that are intermediate we regard the 
axon and its ending as pr imary rather than secondary for the fol lowing reasons: (i) the myotubal 
chains o f nuclei, and the occasional nuclear bag that occurs i n the b2 fibre, resemble the chains 
and bags o f myonuclei found at the equator o f spindles where pr imary endings terminate; (ii) 
the relation of the ending to the surrounding capsule and periaxial space is typical o f pr imary 
innervat ion; and (i i i ) the ending is occasionally accompanied by another axon and ending that 
have all the appearances of being Sy secondary. Furthermore, i t seems very probable that the 
ending is the same one that R u f f i n i (1898) recognized as an irregular type o f pr imary i n his 
original description (compare figures 30 and 31, plate 5). 
These b^c spindle units were present i n most of the muscles sampled for the silver analysis. 
They usually inserted into tendon and were more common i n some muscles than in others, e.g. 
they were about four times more frequent i n extensor d ig i torum longus and peroneus brevis 
than i n superficial lumbrical and soleus. Bakker & Richmond (1981) have found much higher 
frequencies in some cat neck muscles: 45 % of the spindle population were b%c units i n complexus 
(sample o f 40) and biventer cervicis (40), 3 3 % i n splenius (33). They have also demonstrated 
that the ATPase profile of the bag fibre is that o f a b2 fibre. 
The functional properties o f b^c l a axons and their endings remain to be elucidated. The 
usual criteria for the identification o f primaries (axon conduction velocity, dynamic response 
o f the ending to passive stretch) are o f l i t t le use since the relatively small diameters of the axons 
w i l l place their conduction velocities somewhere between 60 m/s (obviously secondary) and 
80 m/s (obviously pr imary) , and i n the absence o f a by fibre their endings w i l l have l i t t le dy-
namic sensitivity. Richmond & Abrahams (1979) found that the stretch responses of a con-
siderable number of neck-spindle sensory endings were intermediate between p r imary and 
secondary. M a n y of these were probably primaries innervating b2c spindle units, and i t seems 
likely that these also account for most o f the ' t r u l y intermediate sensory endings' identified by 
D u t i a (1980) in soleus spindles. 
Banks et al. (1980) have examined the responses o f peroneal spindle afferents to ramp-and-
hold stretches in an attempt to ident i fy b2c l a axons. These d id not emerge i n plots of dynamic 
index against static response, or of the dynamic index/static response ratio against conduction 
velocity. Further progress in this matter must await experiments i n which the responses o f A2c 
spindle units are monitored dur ing motor stimulation. Boyd (1981) has described the effects 
that separately activating each type o f intrafusal muscle fibre has on the dynamic and position 
(or length) sensitivities of pr imary and secondary endings. Some response patterns o f A2c units 
could be predicted f r o m these data, but i t is perhaps unwise to ascribe particular functions to 
subsystems of the spindle and expect them to combine linearly under varying conditions. 
The high proportion of b2c units i n muscles that raise the head, such as complexus, is due to 
the fact that their spindles are mostly arranged i n elaborate tandem systems i n which there are 
many capsules that exclude the by fibre (Richmond & Abrahams 1975; Bakker & Richmond 
1981). Spindle systems o f this k ind presumably have a high pr imary static sensitivity to cater 
for the exclusive antigravity funct ion o f such muscles. By contrast, occipitoscapularis, which 
l 
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rotates the scapula, has a spindle population that lacks tandem systems and resembles that of a 
hindlimb muscle (Richmond & Abrahams 1975). In our own sampling of tenuissimus, soleus, 
extensor digitorum longus, peroneal and lumbrical muscles, the spindle population of the 
superficial lumbrical muscles stands apart as having the lowest proportion of i 2 c units, the lowest 
supply of secondary endings, and the highest proportion of b1b2c units with more than one Ax 
fibre. A relatively high dynamic sensitivity may thus be achieved, which presumably relates to 
the function that these muscles serve in carrying out finely adjusted movements of digits. With 
the amount of information about spindles now available, attempts such as these to correlate 
the function of a muscle with the structural and functional properties of its spindle population 
are becoming more feasible, and perhaps the time has come to pay more attention to these 
considerations. 
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A morphometric study of intrafusal motor endings in the cat 
B Y R . W . B A N K S . Department of Zoology. University of Durham. Durham DH1 3LE 
Barker, Banks, Harker, Milburn & Stacey (1976) and Banks (1981) have suggested 
that some features of intrafusal motor endings may be related to the distance of the 
endings from the primary sensory terminals. For at least one feature, the extent to 
which the endings are indented into the muscle fibres, this suggestion seems to be 
borne out. 
Twenty-seven endings were analysed from three spindle poles, each pole from a 
different tenuissimus muscle. Measurements, to the nearest 0 5 mm, were made of 
the maximum width (x), thickness (2) and indentation into the muscle fibre [y) of every 
terminal on photomicrographs enlarged 1800 x from serial, 1 /(ra thick, transverse 
sections. Three ratios, termed for convenience ellipsity (E = x/z), indentation 
(/ = y/x) and superficiality {S = y/z), were obtained from the data. The ratios varied 
widely within and between individual terminals of each ending, but due to the large 
amount of data the standard errors of the mean values for complete endings were 
small. 
Mean values of E ranged from 1-42 to 2-55 (exceptionally 3-97), clustering around 
2-0. They showed no systematic variation with respect to location of ending. Both 
/ and S, therefore, effectively estimated the amount by which the terminals were 
embedded in the muscle fibres and their mean values were found generally to increase 
with greater distance between the motor and primary sensory endings on all three 
types of muscle fibres. Moreover, endings from the same axon and on the same muscle 
fibre, or fibre type, were almost always more deeply embedded when located further 
from the primary endings (nineteen of twenty endings from eight axons). Where 
endings on different muscle-fibre types occurred close together, those on the chain 
fibres were more deeply embedded than those on the bag fibres. Thus the mean values 
of / for 5 bag!, 6 bag, and 5 chain motor endings, located between 1-0 and 1-5 mm 
from the primary ending, were 0-15, 0-14 and 0 20 respectively. However, the most 
deeply embedded endings were found on bag x fibres, due mainly to their being 
furthest from the primary ending. 
Arbuthnott, Ballard, Boyd, Gladden & Sutherland (1982) claim that there are two 
types of ending on chain fibres derived from static axons, one predominantly 
innervating bag 2 fibres and lying superficially on the muscle fibres, the other 
surrounded by sarcoplasmic protrusions and derived from axons predominantly 
supplied only to chain fibres. My results do not support this; there was no tendency 
for the endings on chain fibres to fall into two groups, and the most deeply embedded 
endings were supplied by axons that also innervated bag 2 fibres. 
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Recovery of cat hindlimb muscle afferents following nerve section 
B Y R . W . B A N K S and D . B A R K E R . Department of Zoology. University of Durham. 
Durham DH1 3LE 
The common peroneal nerve was cut in nine adult cats and repaired with 10/0 
polyamide epineurial sutures under aseptic conditions. Cats were prepared at various 
times during a 6-50 week postoperative period for single-unit, dorsal-root recording 
of peroneus brevis afferent responses to ramp-and-hold stretches of 1-8 mm amplitude 
up to maximum physiological length applied at 10, 5, or 2-5 mm s _ 1 . Dorsal and 
ventral roots L 7 and S I were cut. Sodium pentobarbitone anaesthesia was used for 
all procedures. 
Overall conduction velocities increased up to 40 weeks without segregation of 
groups I and I I . Functionally identifiable spindle and tendon-organ afferents were 
present from 7 weeks. The number of spindle afferents, and the proportion of those 
tonically firing, increased up to 16 weeks, but even at 50 weeks three of twenty-three 
responded only to phasic stretch. Neither dynamic nor static responses showed any 
tendency to increase with longer recovery periods. The mean peak dynamic response 
of tonically firing units to medium-rate stretches was 67% of the control value, 
whereas the mean static firing level during the hold phase reached 78% of the control. 
The mean tonic firing level increased up to 40 weeks reaching 86 % of the control. At 
40 and 50 weeks the responses of units conducting within the control group I I velocity 
range were indistinguishable from those of normal secondary endings, whereas 
spindle units conducting within the control group I velocity range showed initial 
bursts and dynamic indices that were reduced as compared with those of normal 
primary endings. This suggests that the bag x fibres may have been less completely 
reinnervated than bag 2 and chain fibres. 
As judged by the numbers of afferent units recovered, many spindles and tendon 
organs remained functionally deafferented, and the loss of secondary endings 
appeared to be disproportionately high. This was confirmed histologically, but in 
addition to terminals showing some similarity to normal primary and secondary 
endings, spindle sensory regions often contained wholly abnormal, fine axon terminals. 
These were widely distributed in the periaxial space and remained mostly apart from 
intrafusal muscle fibres. After 7 weeks recovery sensory axons had returned to all 
spindles to supply either one or both types of innervation. I t seems likely that the 
abnormal terminals did not respond to stretch and were not originally distributed 
to spindles. 
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THE CURRENT WIRING DIAGRAM OF THE MUSCLE SPINDLE/0. Barker 
Department of Zoology, U n i v e r s i t y of Durham, Durnam, U.K 
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Cat tenuissimus s p i n d l e s . A. Sensory innervation. Primary 
terminals mainly innervate bag f i b r e s , secondary terminals 
chain f i b r e s . The d i s t r i b u t i o n of the t o t a l terminal con-
t a c t area of a primary ending i s about 35% cagi ib\) , 25% 
bag2 (02), -10% chain ( j ) ; of an S i secondary 10% 01, 20% 
02, 70% a. 3 , C. The motor innervation of each pole 
t y p i c a l l y c o n s i s t s (B) of a v dynamic axon supplying 2 p2 
p l a t e s to the 01 f i b r e ; and 2-3 Y s t a t i c axons supplying 
t r a i l endings to the 02 and a f i b r e s . About twice as 
many y s t a t i c axon branches enter s p i n d l e s to supply both 
02 and a f i b r e s as to supply 02 or a f i b r e s . About 1 i n 
4 fusimotor axons innervate both poles. The nost common 
v a r i a t i o n iC) i s for s t a t i c and dynamic 3 axons to 
p a r t i c i p a t e i n the motor innervation (though seldom of the 
same s p i n d l e ) , terminating as pi p l a t e s on long a and 01 
f i b r e s , r e s p e c t i v e l y . Some spindles r e c e i v e a non-
v a s c u l a r autonomic innervation. 
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Introduction 
Musle spindle la allerents often show 
'driving', the firing of action potentials 
time-locked to the stimulus pulse, during 
static fusimotor stimulation. Driving Is 
thought to be caused by rapid unfused 
contractions ol nuclear chain fibres. 
In order to give a more quantltive 
account of the mechanisms Involved In 
driving, a model study was conducted 
based on detailed mathematical 
dlscriptions of both mechanical events 
and ionic events . 
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Methods 
The mechanical model simulated the 
process of force production, using 
equations describing this process lor 
type II extrafusal muscle fibre (Often, 
t987). 
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Stimulation pulses at 70 Hz. cause an 
unfused tetanus. The linal lorce lluctuates 
at the stimulation frequency with an 
amplitude of 5% of the total force level. 
The sensory ending Is stretched by the 
contracting fibre. The sensory 
' elongation Is tranduced Into a 
depolarising conductance, proportional 
to the amount ot sensory elongation. 
Note the remaining 5% oscillation. 
The conductance Is used as an input for 
the ionic model, which generates action 
potentials. The Ionic model Is based on ! 
Frankenheeuser-Huxley equations. A sit 
K-channel (: = 70 ms) was added to enal 
low Irequency repllilive firing. It also 
causes spike frequency adaptation after 
step change. 
Results 
Experiment Model 
Model Experiment 
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••i ~ • •/.• 
V'-.V.; 
ixperlmental data (cat, peroneus tertlus) 
rom Boyd el al. (1985) shows that the initial 
nuscle length can alter the driving pattern. 
:2 (top led), 1:1 (top right, bottom left) and 
rregular firing occur at rasp, minimal, 
mermedlate and maximal physiological 
nuscle lengths. 
All driving patterns could be reproduced 
with the model by adjusting the level of 
Input conductance. The Irregular firing 
occurs when the average afferent tiring rale 
exceeds the stfmufatfon Irequency. 
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Frequencygrams (Bessou al al.,1968) were 
constructed Irom the model responses. 
Irregular ((ring (above stimulation frequency) 
forms a pattern In the frequencygram which 
resembles the Intrelusal contraction. 
Irregular firing due to random noise will 
show no pattern. 
Pouslifliulus lima [ms) 
The frequencygram of experimental data 
(cat, soleus) recorded during an 8 mm 
ramp and hold stretch with sialic 
lusimotor stimulation Is comparable to 
that ol the model. 
Model 
he hypothesis that the Irequencygram 
ellecls the contraction dynamics ol the 
hain fibre was tested with the model 
crosses). 
Vhen the amplitude of the mechanical 
isclllallon Is doubled, the modulation In 
he Irequencygram increases (open 
ircles). 
lemoving the slow K-channels reduces 
he modulation (closed circles). Therelore 
he Irequencygram also reflects Ionic 
nechanlsms. 
Poslslimufua tm« final 
The irregular firing pattern caused by the 
mechanical oscillation is enhanced by the 
slow potassium conductance. In other 
words, the process ol spike Initiation Itself 
Is sensitive to dynamic changes In receptor 
potential. 
Discussion 
Small oscillations of the sensory 
elongation (5%) can cause different 
patterns ol driving. 
The type ol driving Is determined by the 
average afferent tiring rale, which in turn 
Is determined by the average amount ol 
sensory elongation. 
C o n c l u s i o n s 
The observation (Boyd et al, 1985) that 
stable 1:1 driving can occur at all 
muscle lengths, can only be explained 
by the present model by assuming that 
the chBnge In sensory elongation Is 
small. 
Possibly a transducer process sensitive 
to dynamic changes is needed to 
account for this phenomenon. 
The irregular firing pattern observed during chain fibre 
stimulation is a chaotic form of driving which is expressed 
when the average afferent firing rate Is higher than the 
stimulus frequency. 
Driving is enhanced by the presence of a slow K-channel at 
the encoder site. 
[From the Proceedings of the Physiological Society, 11-12 November 1983 
Journal of Physiology. 348, 16P] 
On the attachment of elastic fibres in cat tenuissimus muscle spindles 
BY R. W. BANKS. Department of Zoology, University of Durham, Durham DH1 3LE 
E l a s t i c fibres arc a prominent passive mechanical component of mammal ian muscle 
spindles. T h e y form a mainly longitudinally orientated network condensed round the 
bag 2 fibre in the polar regions and dispersed amongst the inner and outer capsules 
in the equatorial regions (Cooper & Gladden, 1974). I have examined their attachment 
to intrafusal muscle fibres using longitudinal sections of cat tenuissimus muscle 
spindles. 
\ I e.f. 
V s 
i 1 uml .V 
Kig. 1. Longitudinal section through a bag, fibre, showing surface projections (p.) with 
an attached elastic fibre (e.f.)- The arrow indicates the direction of the primary ending: 
i.e., inner-capsule cell. 
T h e surfaces of the bag, and bag 2 fibres have minute projections for distances of 
about 300 fim on either side of the primary ending. T h e projections were not 
consistently associated with a particular sarcomeric component, but the plasma-
lemmal covering appeared to be thickened. E l a s t i c fibres were often seen attached, 
terminally rather than en passant, to the basal lamina overlying the projections 
(Fig . 1). Many of the projections were asymmetric , pointing in the direction of the 
primary ending, and suggesting the transmission of tension from the elastic fibres 
to the sarcolemma. 
T h e elastic fibres thus appeared to arise from the opposite pole and were effectively 
in parallel with the pr imary sensory region, but in series with the polar and 
juxta-equatorial regions to which they were attached. T h i s arrangement might be 
expected to reduce the compliance of the primary sensory region. 
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Reinnervation of cat muscle spindles by foreign afferents after nerve section 
B Y R . W. B A N K S , D. B A R K E R and M. J . S T A C E Y . Department of Zoology, University 
of Durham, Durham DH1 3LE 
The fact that foreign afferents are capable of reinnervating muscle spindles after 
nerve section (Banks & Barker 1983) led us to carry out experiments designed to 
ascertain the degree of specificity required for the reinnervation to be successful. 
Cross-unions were effected unilaterally between hindlimb sensory and muscle nerves 
in adult cats such that the interosseous ( INT) nerve reinnervated flexor digitorum 
longus ( F D L ) in four cats, and the superficial peroneal (SP) nerve reinnervated 
peroneus brevis (PB) in three. The I N T nerve contains 150-200 myelinated afferents 
t i a t supply free endings and an average of 60 pacinian corpuscles, 18 tendon organs 
and 3 spindles (Barker, 1962) ; the S P nerve supplies cutaneous and joint receptors 
in the foot. The appropriate stumps of the severed nerves were united with 10/0 
polyamide epineurial sutures and the proximal stumps of the muscle nerves were 
ligated, all procedures being carried out under aseptic conditions using sodium 
pentobarbitone anaesthesia. Two of the reinnervated F D L muscles were examined 
in teased, silver preparations after 10 weeks; the other two were left for a further 
week after cutting the F D L proximal stump so as to eliminate any reinnervation from 
this source. 
I n the I N T / F D L cross-unions myelinated afferents reinnervated spindles with 
either an extensively branched network of free endings; annulospiral endings in 
primary and secondary regions; or tapers and bulbs resembling pacinian terminals. 
Of 205 afferents that reinnervated 83 spindles, 84 formed free endings, 60 annulo-
spirals and 43 tapers and bulbs; a further 18 entered and left without terminating. 
| Cats in the S P / P B series were prepared for single-unit, dorsal-root recording under 
sodium pentobarbitone anaesthesia after 16-22 post-operative weeks. Overall 
conduction velocities of the reinnervating afferents ranged from 13 7 to 62-4 m s _ 1 ; 
ip each experiment they showed similar unimodal distributions that peaked at about 
0 m s - 1 . Ramp-and-hold 18 mm stretches applied to the P B tendon at 5 mm s _ 1 
licited one or more spikes in 40 of 120 afferents. Additionally, four units responded 
o localized probing of the muscle belly, but not to stretch. Motor endings were absent 
rom the muscles and spindles were reinnervated by freely ending afferents of various 
diameters. 
These experiments suggest that (i) tendon-organ afferents are capable of 
reinnervating spindles by terminating in sites originally occupied by primary or 
secondary endings; and that (ii) some afferents normally innervating cutaneous 
or joint receptors are capable of reinnervating spindles and responding to stretch. 
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On the classification of motor endings 
in mammalian muscle spindles 
R. W. Banks, D. Barker and M. J. Stacey 
I n mammalian muscle s p i n d l e s , motor neuromuscular j u n c t i o n s 
( i . e . the composite s t r u c t u r e s of axonal t e r m i n a l s and the muscle 
f i b r e s below them) are much more v a r i e d i n form than those on the 
surrounding e x t r a f u s a l muscle f i b r e s . F i g u r e 1 shows t r a n s v e r s e 
s e c t i o n s of s i x i n t r a f u s a l neuromuscular j u n c t i o n s , each exten-
s i v e l y sampled by e l e c t r o n microscopy. I n each case the s u r f a c e of 
bhe muscle f i b r e i s both indented by the motoneuronal t e r m i n a l s 
and s e c o n d a r i l y f o l d e d by v a r i o u s amounts. S o l e - p l a t e n u c l e i are 
a s u a l l y p r e s e n t . The neuromuscular j u n c t i o n s on the bag2 and the 
three c h a i n f i b r e s were a l l a s s o c i a t e d with the same axon, y e t 
t h e i r form v a r i e s c o n s i d e r a b l y . Thus, secondary f o l d i n g appears to 
oe most developed on the bag2 f i b r e and l e a s t on the two c h a i n 
f i b r e s ( 4 & 5 ) , whose motor endings were l o c a t e d c l o s e s t to the 
s p i n d l e ' s primary sensory i n n e r v a t i o n . I n a d d i t i o n , the p o s t -
j u n c t i o n a l membrane of c h a i n 1 i s thrown i n t o f i n g e r - l i k e p r o c e s s e s , 
but s i m i l a r p r o c e s s e s did not occur i n the neuromuscular j u n c t i o n s 
on the other two c h a i n f i b r e s . I n c o n t r a s t , the two neuromuscular 
j u n c t i o n s on the bagi f i b r e s , though s u p e r f i c i a l l y s i m i l a r , were 
a s s o c i a t e d with d i f f e r e n t types of axon, one p u r e l y fusimotor (Y ) 
the other mixed s k e l e t o f u s i m o t o r ( 0 ) . Thus attempts to c l a s s i f y 
i n t r a f u s a l neuromuscular j u n c t i o n s i n t o d i s t i n c t types are 
c omplicated by the l a c k of a simple c o r r e l a t i o n l i n k i n g axonal 
type with p o s t - j u n c t i o n a l f e a t u r e s . 
The amounts of p o s t - j u n c t i o n a l i n d e n t a t i o n and secondary 
f o l d i n g vary c o n s i d e r a b l y w i t h i n s i n g l e neuromuscular j u n c t i o n s 
and are d i f f i c u l t to q u a n t i f y . However, Banks (1983) a n a l y s e d 
s e r i a l l^m-thick s e c t i o n s by l i g h t microscopy and found t h a t the 
mean i n d e n t a t i o n i n c r e a s e d s i g n i f i c a n t l y with g r e a t e r d i s t a n c e 
between the motor and primary sensory endings. G e n e r a l l y , our 
e x p e r i e n c e i s t h a t the type of muscle f i b r e and the l o c a t i o n of the 
motor endings with r e s p e c t to the primary sensory endings are 
important f a c t o r s a s s o c i a t e d with p o s t - j u n c t i o n a l form, but t h a t 
the type of axon has l i t t l e or no i n f l u e n c e . 
I n s e e k i n g a c l a s s i f i c a t i o n of i n t r a f u s a l motor endings ( i . e . 
axonal s t r u c t u r e s ) , we are p r i m a r i l y concerned with the morpho-
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F i g u r e 1 T r a n s v e r s e s e c t i o n s of s i x i n t r a f u s a l neuromuscular 
j u n c t i o n s t r a c e d from e l e c t r o n micrographs. The l o c a t i o n of the 
j u n c t i o n with r e s p e c t to the primary sensory ending i s given 
together with the m u s c l e - f i b r e type below each p r o f i l e . Terminals 
on the bag2 and the t h r e e c h a i n f i b r e s were a l l d e r i v e d from the 
same axon. 
l o g i c a l c h a r a c t e r i s t i c s of the v a r i o u s f u n c t i o n a l groups of f u s i -
motor and s k e l e t o f u s i m o t o r i n n e r v a t i o n . I t seems rea s o n a b l e , 
t h e r e f o r e , to r e s t r i c t our a t t e n t i o n to the p r e - j u n c t i o n a l f e a t u r e s . 
F i g u r e 2 shows a sample of i n t r a f u s a l motor endings as seen 
i n s i l v e r - i m p r e g n a t e d m a t e r i a l , to i l l u s t r a t e some of the v a r i e t y 
of forms. The endings have been grouped a c c o r d i n g to the known or 
presumed p a r e n t - f i b r e type. T h e i r l o c a t i o n on the d i f f e r e n t types 
of i n t r a f u s a l muscle f i b r e would have determined whether they 
would have had a dynamic ( b a g i ) or s t a t i c (bag2 and v a r i o u s types 
I N T R A F U S A L MOTOR I N N E R V A T I O N 11 
ENDINGS OF 8 AXONS 
long & intermediate chain fibres 
^1 
bag, fibres 
ENDINGS OF Y AXONS 
bag, fibres 
bag* fibres 
typical chain fibres 
I'igure 2 Camera-lucida drawings of i n t r a f u s a l motor endings from 
1;eased, s i l v e r - i m p r e g n a t e d muscle s p i n d l e s , i l l u s t r a t i n g the v a r i e t y 
o f forms encountered. The endings have been grouped a c c o r d i n g to 
l;he known or presumed p a r e n t - f i b r e type. Axons i n n e r v a t i n g bagi 
f i b r e s would have had a dynamic e f f e c t on the s p i n d l e ' s primary 
(jnding, whereas those i n n e r v a t i n g bag2 and c h a i n f i b r e s would have 
had a s t a t i c e f f e c t . 
of c h a i n ) e f f e c t on the responses of the primary sensory endings. 
Barker and Stacey (1984) have a n a l y s e d 219 i n t r a f u s a l motor 
findings i n terms of t h e i r o v e r a l l l e n g t h s ( L ) and the t o t a l l e n g t h s 
of t h e i r t e r m i n a l and unmyelinated p r e t e r m i n a l branches ( P T L ) . I t 
was n e c e s s a r y to i n c l u d e the p r e t e r m i n a l branches s i n c e the p r e c i s e 
t r a n s i t i o n s to t e r m i n a l branches can not be determined i n s i l v e r -
impregnated m a t e r i a l . Unmyelinated p r e t e r m i n a l axons were 
regarded as belonging to the ending s u p p l i e d by them as f a r proximal 
as the n e a r e s t branch p o i n t from which another ending was s u p p l i e d 
or a r e c u r r e n t axon ar o s e . The endings were d e r i v e d from normal 
s p i n d l e s , as w e l l as from bag^ f i b r e s d e p r i v e d of t h e i r B i n n e r v a -
K . w . BAiNiva, u . b A K i v t i K ana M.J. S l A t t Y 
t i o n by d i f f e r e n t i a l degeneration, and from s p i n d l e s i n which 
s i n g l e B or s t a t i c Y axons remained f o l l o w i n g o t h e r w i s e complete 
d e - e f f e r e n t a t i o n (Barker e t a l , 1973; 1980). Thus, s e v e r a l com-
p a r i s o n s were p o s s i b l e , the most important being summarised i n 
t a b l e 1. From these we may conclude t h a t the endings of s k e l e t o -
Table 1 Comparisons of v a l u e s of PTL f o r p o p u l a t i o n s of endings on 
d i f f e r e n t types of muscle f i b r e i n normal (N) and experimental 
(E) muscles. 
N u l l Hypothesis 
endings A = endings B 
B 
B on b a g 1 (E) d i f f . degen. 
on b a g 1 (E) 
N on t y p . c h a i n N on long & i 
c h a i n 
B on bag^^ (E) N on long & i 
c h a i n 
N on t y p . c h a i n N on bag 
a l l s t a t i c 
Y (E) 
a l l s t a t i c 
Y (E) 
B on b a g 1 (E) 
d i f f . degen. on 
b a g l (E) 
Value of P 
(Wilcoxon's rank sum t e s t f o r 
two samples) 
<0.0005 
<0.01 
N.S. 
N.S. 
<0.001 
<0.001 
a b b r e v i a t i o n s : d i f f . degen., remaining a f t e r d i f f e r e n t i a l degener-
a t i o n ; i . , i n t e r m e d i a t e ; typ., t y p i c a l . 
fusimotor (B) axons on bagi f i b r e s are i n d i s t i n g u i s h a b l e from the 
endings, presumed to be of B axons, on long and i n t e r m e d i a t e c h a i n 
f i b r e s ; t h a t t h i s type i s d i s t i n c t l y d i f f e r e n t from the i n n e r v a t i o n , 
presumed to be dynamic Y, remaining on the bag^ f i b r e a s h o r t time 
a f t e r axotomy; and t h a t both these types are d i f f e r e n t from the 
bag2 and t y p i c a l c h a i n i n n e r v a t i o n , which i s a s i n g l e group supp-
l i e d by s t a t i c Y axons. 
The r e c e n t s u g g e s t i o n (Boyd, e t a l . 1977) t h a t t h e r e are two 
s o r t s of s t a t i c Y axon, one s u p p l y i n g predominantly c h a i n f i b r e s , 
the other predominantly bag2 f i b r e s , has been supported by h i s t -
o l o g i c a l (Arbuthnott e t a l . , 1982; Suthe r l a n d e t a l . , t h i s p u b l i -
c a t i o n ) and p h y s i o l o g i c a l (Boyd e t a l . , 1983) evidence. The 
h i s t o l o g i c a l evidence r e l i e s on a d i s t i n c t i o n being made between 
two types of p o s t - j u n c t i o n a l s t r u c t u r e , which we have argued above 
i s r e l a t e d to m u s c l e - f i b r e type and l o c a t i o n of endings. The 
p h y s i o l o g i c a l evidence i s based on the i n f e r r e d d i s t r i b u t i o n of 
s i n g l e s t a t i c Y axons to bag2 and c h a i n f i b r e s i n t h r e e s p i n d l e s . 
Of 11 examples t a b u l a t e d by Boyd e t a l . (1983) the recorded d i s t r i -
b u t i o n s were c h a i n only, 2; predominantly c h a i n , 4; bag2 only, 2; 
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and predominantly bag2, 3. 
These observations must be assessed i n the l i g h t of our most 
complete knowledge of s t a t i c Y axonal d i s t r i b u t i o n , which at 
present i s provided by the single-axon s t u d i e s of Barker et a l . 
(1973), the i d e n t i t y of the bag f i b r e s having been confirmed by 
Barker and Stacey (1981). The r e l e v a n t r e s u l t s are summarized i n 
t a b l e 2, which a l s o shows the e f f e c t of h y p o t h e t i c a l l y applying the 
method of Boyd e t a l . to the axon with the most mixed d i s t r i b u t i o n , 
CT8. The chances of c o r r e c t l y i d e n t i f y i n g t h i s axon as mixed v/ould 
have been almost 2:1 a g a i n s t . 
We conclude, then, t h a t three types of motor ending are 
recognizable h i s t o l o g i c a l l y , a t l e a s t as populations, and t h a t 
they correspond to the 8 and dynamic and s t a t i c Y motoneurons. 
The dynamic and s t a t i c d i v i s i o n s of the B axons are a s s o c i a t e d with 
Table 2 The d i s t r i b u t i o n of s i n g l e s t a t i c Y axons, 
(based on Barker e t a l . 1973). 
D i s t r i b u t i o n Numbers of s p i n d l e s 
CT2 CT3 CT4 CT8 CT10 CT11 
mixed 3 2 2 4 2 2 
bag 2 - - 2 2 1 2 
chain 1 1 - 1 4 1 
CT8 o v e r a l l 6 bag2 and 10 or 11 chain f i b r e s i n 7 spin 
S e l e c t i n g 3 s p i n d l e s a t a time ' C 3 = 35. 
P o s s i b l e chance of 
observations i d e n t i f i c a t i o n 
predominantly chain 6 5:1 a g a i n s t 
predominantly bag,, 17 evens 
mixed 12 2:1 against 
d i s t i n c t p o s t - j u n c t i o n a l s t r u c t u r e s (Banks, 1981; Kucera and 
Hughes, 1983) but these must be properly regarded as p r o p e r t i e s of 
the bagi, long and intermediate chain f i b r e s , which alone allow the 
endings to be i d e n t i f i e d h i s t o l o g i c a l l y . We propose to use the 
e s t a b l i s h e d nomenclature p i ( B ) , P2 (dynamic Y) and t r a i l ( s t a t i c Y ) i 
s i n c e i t corresponds c l o s e l y to the present c l a s s i f i c a t i o n . 
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[Plates 1 and 2] 
The presynaptic features of 234 motor endings supplied to cat hindlimb 
muscle spindles have been studied in teased, silver preparations, and the 
postsynaptic features of a further 27 endings have been studied in serial, 
1 urn thick, transverse sections. In the presynaptic study motor endings 
received by the three types of intrafusal muscle fibre were compared with 
the endings supplied to spindles by the various functional categories of 
motor axon. Three forms of motor ending were found that had significantly 
different presynaptic features. These forms correspond closely to those 
previously identified in the literature as ^ (P), p 2 (dynamic y) and trail 
(static y). The results of the postsynaptic study showed that the degree 
of indentation of the intrafusal muscle fibres by motor axon terminals 
increases with greater distance from the primary ending, irrespective of 
muscle-fibre type. We conclude that the postsynaptic form of intrafusal 
motor endings is determined by distance from primary ending and 
muscle-fibre type. I t is not determined by type of motor axon, and cannot 
be correlated with presynaptic form so as to produce a unified classification 
of intrafusal motor endings. 
I N T R O D U C T I O N 
Th£ classification of mammalian intrafusal motor endings into two types of plate 
(Pi P2) a n ( * trail endings, described in detail by Barker et al. (1970), was based on 
an analysis of the presynaptic features of the endings as seen in teased, silver 
preparations of cat muscle spindles. I t was shown that the three categories could 
further be distinguished by their different rates of degeneration after nerve section. 
ThiJ same types of motor ending were recognized in silver-stained spindles of other 
mammals, namely, rat (Gladden 1969), rabbit (Barker & Stacey 1970; Barker et 
al. 1972), and man (Kennedy 1970; Swash & Fox 1972). At the time this work was 
carried out mammalian spindles were generally thought to be composed of two 
types of muscle fibre (nuclear-bag and nuclear-chain fibres), and discussion centred 
on jhow these two types were innervated by the functional categories of dynamic 
and static y axons (Matthews 1972). 
Since that time a number of important advances have occurred that make i t 
necessary to re-examine the p 1 ( p 2, trail classification. I t is now accepted that there 
are three kinds of mammalian intrafusal muscle fibre (bag^ bag2, and chain fibres), 
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and that dynamic actions are carried out by the ba,g1 fibre (the dynamic bag fibre) 
and static actions by the bag2 (static bag fibre) and chain fibres. The manner in 
which P and y motor axons are distributed to these fibre types in cat spindles is 
now generally agreed (see reviews by Boyd 1981; Barker & Banks 1985). Chain 
fibres are now referred to as 'long', 'intermediate', or 'typical' in terms of their 
length relative to the capsule (Barker et al. 1976 a; Kucera 1980 a, 1982 a). These 
subtypes are of functional significance since in cat spindles there is a selective 
innervation of long and most intermediate fibres by static P axons (Harker et al. 
1977; Jami et al. 1979) and of typical chains by static y axons (Barker et al. 19766). 
Finally, detailed information has become available about the sensory innervation 
of cat spindles (Banks et al. 1982) that can be used in identifying intrafusal 
muscle-fibre types in teased, silver preparations and so assist in the analysis of their 
motor innervation. 
In re-examining the presynaptic features of cat intrafusal motor innervation our 
approach was to study the motor endings received by the various types of 
intrafusal muscle fibre, and to compare these with the endings supplied to spindles 
by the various functional categories of motor axon. We found three forms of motor 
ending that had significantly different presynaptic features. These forms correspond 
closely to those described in the p 1 ? p2, trail classification. 
When the postsynaptic form of cat intrafusal motor endings is considered, the 
question arises: is it mainly determined by the type of motor axon that supplies 
the endings, or by the type of muscle fibre that receives it? Barker's group initially 
held the former view (Barker et al. 1970), but later work convinced them that 
muscle-fibre type and distance of the ending from the equator were the determining 
factors (Barker et al. 1976a; Barker et al. 1978). Recent studies by Banks (1981, 
1983) and Kucera (1980a, 6, 1981, 19826, c) have provided evidence in support of 
this. Meanwhile ultrastructural studies by Arbuthnott et al. (1982) have led them 
to propose a new classification of cat intrafusal motor endings in which all are 
regarded as plates. Five types of plate are recognized mainly by the degree and 
manner of the indentation of their axon terminals into the muscle-fibre surface. 
Type of plate is seen as being determined either by type of muscle fibre (for 
example, as in the case of' m b plates' supplied to b&g1 fibres by dynamic P and 
dynamic y axons), or by type of motor axon (for example, as in the case of 'm d 
plates' supplied to long chain fibres by static P axons). 
In this paper we examine both presynaptic and postsynaptic features of cat 
intrafusal motor endings, and discuss whether it is possible to correlate these so 
as to produce a unified classification. Preliminary accounts of some of the results 
have been published (Banks 1983; Barker & Stacey 1984; Banks et al. 1985). 
M A T E R I A L A N D M E T H O D S 
Silver-stained spindles 
Presynaptic features of the motor endings received by the various types of 
intrafusal muscle fibre were studied in spindles teased from the peroneus brevis 
and tenuissimus muscles of normal cats. For the study of endings belonging to the 
different functional types of motor axon we were able to use muscles from previous 
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work in which chronic degeneration experiments had been carried out to isolate 
single surviving static y axons (Barker et al. 1973) or p axons (Barker et al. 1980). 
We a'lso used peroneal muscles from which the P innervation had been eliminated 
by degeneration for 54 h after nerve section. Some of these muscles had been 
prepared by Barker et al. (1970), others were similarly prepared for the present 
study. The silver technique used was either that described by Barker & Ip (1963), 
or the modification of this reported by Barker et al. (1984). Full details regarding 
the material used are given in table 1. 
T A B L E 1. S I L V E R - S T A I N E D M A T E R I A L S T U D I E D 
source 
normal muscles 
differ entially 
degenerated muscles: 
sun iving spindle 
mot or axons: 
stati<p 
P 
muscle 
peroneus brevis 
tenuissimus 
tenuissimus 
tenuissimus 
superficial lumbrical 
abductor digiti 
quinti medius 
peroneus brevis 
peroneuslongus 
peroneus tertius 
number of 
muscles 
4 
4 
number of 
spindles 
11 
5 
number of 
motor endings 
76 
32 
totals 
5 
3 
2 
1 
3 
2 
2 
2 6 
15 
5 
5 
2 
12 
7 
2 
6 4 
76 
7 
13 
3 
17 
8 
2 
2 3 4 
For the purposes of this study we have regarded a motor ending as a discrete 
groi p of axon terminals supplied by one or more preterminal axons to the polar 
region of a single intrafusal muscle fibre. We have interpreted 'discrete' to mean 
that the terminals are supplied to part of the muscle-fibre surface within which 
there is no portion free of terminals for more than a length of 10 urn. This definition 
allows for an ending to be supplied by more than one parent axon, but this rarely 
occurred in our sampling. 
I n silver-stained material i t is not possible to decide precisely where the 
transition from preterminal axon to axon terminal occurs. Hence as part of the 
attempt to quantify motor-ending form we measured the total length of 
unmyelinated axon present in each ending, and designated this measurement 
'PTL ' (that is, preterminal plus axon terminal length). The measurement was 
made from the origin of the preterminal axon at the heminode of the supplying 
axon, to the end of each axon terminal. In those instances where the preterminal 
axon branched to provide a further ending, the origin of its preterminal axon was 
regarded as the branch point from which the further ending was supplied (see 
figure lc). Measurements of PTL were made with a map-measuring wheel on 
tracings prepared by using a Nikon Optiphot with a x 100 objective coupled to 
a television projection system. Since the tracings formed a projection plan of the 
ending the transverse component of the PTL was reduced. This would have been 
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(d) 
(a 
/ 
2 . 
y 
\ / 
50 urn i 
F I G U R E 1. (a)-(c) Tracings of silver-stained preparations of motor endings from cat peroneus 
brevis spindles to illustrate examples of measuring ending length (L), the ending being 
regarded as including one or more preterminal axons and their axon terminals. In each 
tracing the ending is shown black, and the myelinated axon that supplies it is unshaded. 
The endings were located on a bagj fibre (a), a chain fibre (b), and two chain fibres (c). The 
disposition of the endings in (c) is unusual, (d) Diagram to illustrate the terminal profile 
presented by a motor axon terminal (hollow outline) embedded in the surface of an 
intrafusal muscle fibre (stippled) as seen in a 1 urn thick transverse section of a cat spindle 
stained with toluidine blue. Arrowed lines indicate measurements made of the maximum 
width (x) and depth (z) of the terminal and its indentation (y) into the muscle-fibre surface. 
relatively more important in richly branched endings such as the most complex 
of those supplied to the bagj fibre. Consequently the observed difference between 
these and less complex endings will have been artificially reduced. 
We also measured the length (L) of each ending parallel to the longitudinal axis 
of the muscle fibre (figure 1 a-c); since L included preterminal axon it would 
usually have exceeded the length of the actual neuromuscular junction. Other data 
recorded for each ending were number of axon terminals, and location with respect 
to the spindle regions A, B, and C defined by Barker et al. (19760). Finally, the 
internodal diameter of the parent axon was measured (excluding myelin), and the 
number of times it branched within the spindle was counted. 
The three types of intrafusal muscle fibre, and the subtypes of chain fibre, were 
identified on the basis of their length and diameter, and details of their sensory 
innervation. When sensory endings were absent owing to their degeneration 
together with the P innervation after nerve section, bag-fibre types were dis-
tinguished mainly by the scarcity (bagj or abundance (bag2) of elastic fibres 
associated with them (Gladden 1976). 
Serially sectioned spindles 
Serial, 1 \im thick, transverse sections of 27 tenuissimus intrafusal motor endings 
containing 442 axon terminals were examined to study the relationships made 
between their terminals and the underlying muscle-fibre surface. The endings 
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forrr ed part of the sample studied by Banks (1981) and comprised all those 
supplied to the proximal poles of spindles 6 and 9 in that study, as well as those 
supplied to the distal pole of spindle 12. Enlarged photographs ( x 1800) of 3189 
tern inal profiles were used to measure, to the nearest 0.5 mm, the maximum width 
(x) and depth (z) of each axon terminal and its indentation (y) into the muscle-fibre 
surface (see figure Id). Sampling of several endings for electron microscopy 
confirmed that individual terminals were readily identifiable in the light-
on bag, fibres 
intrafusal motor endings in normal muscle 
on long and intermediate chain fibres 
on typical chain fibres 
on bag. fibres 
endings of intrafusal motor axons in experimental muscle 
endings of Y axons on bag! fibres 
endings of P axons on bag, fibres 
\ J £ ^ £ P c ^ ^ * 
endings of static Y axons on baga and typical chain fibres 
100 fim J 
F I G U R E 2. A sample of cat intrafusal motor endings traced from silver preparations teased from 
normal and experimental muscles (mainly tenuissimus and peroneus brevis). In each tracing 
the ending (that is, the preterminal axon and axon terminals) is shown black, and the 
myelinated axon that supplied it is unshaded. 
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microscopical preparations (plate 2 ) . Thin Schwann-cell processes covering the 
terminals could not be separately resolved in the photographs, but their thickness 
is considerably less than the error inherent in each measurement. 
Three ratios were obtained from the data, namely, eccentricitj' (E = x/z), 
indentation (/ = y/x), and superficiality {S = y/z). The ratios varied widely within 
and between individual terminals of each ending, but standard errors of the mean 
values for complete endings were small due to the large amount of data (see figure 7). 
The number and length of terminals in each ending were also recorded as well 
as the number of nuclei in its sole plate. Finally, the location of a motor ending 
on a given muscle fibre with respect to the primary ending was recorded as the 
distance between the midpoint of the ending's neuromuscular junction and the 
midpoint of the primary terminals supplied to the fibre. 
Most of the data from both the silver and serial-section analyses were clearly 
not normally distributed. We therefore used a non-parametric method of com-
parison, namely, Wilcoxon's rank sum test for a two-sample comparison (Bailey 
1981). 
bo 
(O) r 
3 6 0 4 4 0 6 4 0 
8 
6 • 
4 • 
(b) 
Lk 
8 (c) 
(d) 
4 0 8 0 120 160 2 0 0 2 4 0 
length/u.m 
8 0 160 2 4 0 3 2 0 4 0 0 4 8 0 
preterminal plus axon 
terminal length/\im 
F I G U R E 3. Histograms of L and P T L measurements of cat intrafusal motor endings. These show 
that the endings supplied to bagj fibres in normal spindles (a) consist of different populations 
belonging to y (b) and P (c) axons; and that the P endings are very similar to those supplied 
to long and intermediate chain fibres (d). The endings measured in (a) and (d) belonged to 
spindles in normal peroneus brevis and tenuissimus muscles; those measured in (6) were 
supplied to bagj fibres by y axons that remained after the P endings had degenerated in 
peroneal muscles following nerve section; and those measured in (c) belonged to P axons 
that had survived in the chronic degeneration experiments of Barker et al. (1980) on 
tenuissimus, superficial lumbrical, and abductor digiti quinti medius muscles. 
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R E S U L T S 
Silver-stained spindles 
The complexity of intrafusal motor innervation is such that some endings, 
especially in normal spindles, had to be excluded from the analysis. Nevertheless 
comparison of L and PTL measurements of intrafusal motor endings from the 
normal and experimental muscles (see figures 3 and 4) strongly suggests that the 
total sample of endings studied (234,46.2 % from normal spindles) is representative 
of the whole population. A sample of tracings of endings from normal and 
experimental muscles, selected to illustrate the range of form encountered, is shown 
in figure 2 and photographs of some silver-stained preparations are shown in figures 
8-14, plate 1. 
T tie results of the L and PTL measurements of the endings are illustrated by 
the histograms in figures 3 and 4 and are summarized in table 2. Comparisons of 
the [populations of intrafusal motor endings on different types of muscle fibre in 
normal and experimental muscles are shown in table 3. 
le following conclusions may be drawn. T i^
(i) landings on bogy fibres 
The motor endings supplied to the bagj fibres of normal spindles are indis-
tinguishable from those supplied by known P and y axons to bagx fibres. However, 
(a) r 
(b) 
4r 
2 
(c) 
460 
( r f ) 
40 80 120 160 200 240 
length /um 
80 160 240 320 400 480 
preterminal plus axon 
terminal length/urn 
F I G U R E 4. Histograms of L and P T L measurements of cat intrafusal motor endings. These show 
that the measurements of endings supplied to typical chain fibres (a) and bag 2 fibres (c) in 
normal spindles are similar, and compare closely with those of endings supplied to these 
fibre types by static y axons (b and d). Comparison of the histograms in (a) with those in 
figure 3d shows that endings supplied to typical chain fibres are markedly different from 
(those supplied to long and intermediate chain fibres. The endings measured in (a) and (c) 
belonged to spindles in normal peroneus brevis and tenuissimus muscles; those in (b) and 
(d) belonged to static y axons that had survived in the chronic degeneration experiments 
D f Barker et al. (1973) on tenuissimus muscles. 
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T A B L E 3. C O M P A R I S O N O F P O P U L A T I O N S O F M O T O R E N D I N G S O N D I F F E R E N T T Y P E S 
O F I N T R A F U S A L M U S C L E F I B R E I N N O R M A L A N D E X P E R I M E N T A L M U S C L E S 
(Abbreviations: ex.m., experimental muscle; int., intermediate; n.m., normal muscle.) 
value of p 
null hypothesis (Wilcoxon's rank sum 
endings A mendings B test for 2 samples) 
A B L P T L 
endings on bagr fibres 
all n.m. endings on bag; all ex.m. endings on bag t n.s. n.s. 
P endings on bagx (ex.m.) y endings on bagx (ex.m.) < 0.001 < 0.0005 
endings on chain fibres 
n.m. endings on typical n.m. endings on long and < 0.0005 < 0.0005 
chains int. chains 
n.m. endings on typical n.m. endings on bag2 n.s. n.s. 
chait is 
n.m. endings on long and P endings on bagx (ex.m.) n.s. n.s. 
int. (hains 
n.m. endings on long and y endings on bagx (ex.m.) < 0.0001 < 0.0001 
int. c hains 
static y endings 
all static y endings (ex.m.) n.m. endings on bag2 and n.s. n.s. 
typical chains 
all sta tic y endings (ex.m.) P endings on bagj (ex.m.) < 0.0005 < 0.001 
all sta tic y endings (ex.m.) y endings on bag, (ex.m.) n.s. < 0.001 
the endings of known P axons on bag t fibres differ from those that remain on this 
fibre after the P innervation has degenerated. 
(ii) landings on chain fibres 
The motor endings supplied to typical chain fibres in normal spindles differ from 
those supplied to long and intermediate chain fibres, but are indistinguishable from 
those supplied to bag2 fibres. 
Th e motor endings supplied to long and intermediate chain fibres in normal 
spindles are indistinguishable from the endings supplied by known P axons to bagx 
fibres?. 
(iii) Static y endings 
The motor endings supplied to bag2 and typical chain fibres in normal spindles 
are i ndistinguishable from the endings supplied by known static y axons. These 
endings have greater L and PTL values than those of known P axons, but differ 
from the endings of presumed dynamic y axons only with respect to their PTL 
values. This implies that the endings of dynamic y axons are more highly branched 
than those of static y axons, and axon-terminal counts confirm this (see figure 56). 
Thle parent axons of static y endings branched more frequently within the 
spine le than those supplying dynamic P and y endings. In our samples the mean 
branching frequencies were 3.9 and 0.28, respectively (see figure 5a). In this respect 
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F I G U R E 5. Histograms contrasting differences between static (stippled) and dynamic (unshaded) 
y axons and endings. They show that, as compared with dynamic y axons, static y axons 
branch more frequently within spindles (a) and tend to supply endings that have fewer axon 
terminals (b) and are located nearer to the equator (c). Data in (a) and (c) from spindles 
in normal peroneus brevis and tenuissimus muscles; data in {b) from spindles in the 
experimental muscles referred to in figures 36 and 46, d. p, m, d, Proximal, middle and 
distal thirds of polar region B. 
0.4 
6 3 0.3 
1 02 
0.1 
(a) 
0L. 
(6) 
0.3 
0.2 
I slope 0.10 
<=3.46 
» < 0 . 0 0 2 
(j 05^  IX) L5 2X) 25 
distance from primary ending/mm 
F I G U R E 6. Mean values of the eccentricity (o) and indentation (b) of axon terminals in 27 motor 
endings from cat tenuissimus spindles plotted against the distance of the endings from the 
primary ending. Lines drawn through the symbols are least-squares fits for regression of 
the ordinates on the abscissae. Note that eccentricity shows no systematic variation related 
to ending position, whereas indentation does. In (6) the separate origins of the data from 
three spindles in three different cats are indicated by the use of three different symbols. 
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i t may be significant that the mean diameter of static y axons in normal spindles 
(2.lj4 jun) was greater than that of dynamic axons in the same spindle sample 
(1.87 |im, p < 0.01), functional categories being inferred from the type of muscle-
fibre innervated. The endings of static y axons were located in region B, mostly 
in the middle third, whereas the endings of dynamic axons occurred almost 
exclusively in the distal third of B and in C (see figure 5c). 
0.3 
0.2 
0.1 
0 
(a) bagj 
slope 0.12 
«=4.16 
p<om 
0.3 (b) bag. 
0.2 
slope 0.13 
* 0.1 1=0.59 
n.s. 
0.4 
0.3 
0.2 
0.1 
0 , , , , , , 
0 0.5 1.0 15 2.0 2.5 
distance from primary ending/mm 
F I G U R E 7. Mean values of the indentation (/) of axon terminals in 2 7 motor endings from cat 
tenuissimus spindles plotted against the distance of the endings from the primary ending 
and segregated according to their location on different muscle-fibre types. Lines drawn 
through the symbols are least-squares fits for regression of the ordinates on the abscissae. 
Circles, squares, and triangles represent the separate origins of the data from three spindles 
in three different cats. Endings supplied by different axons in the same spindle are indicated 
by different versions (filled, unfilled, half-filled) of the same symbol, so that the occurrence 
of two or more identical symbols indicates endings supplied by the same axon. The vertical 
line in each graph illustrates the range of mean values of / for individual axon terminals 
in a single ending. Horizontal bars on this line indicate the standard error of the mean value 
i f o r the whole ending. 
c) 
slope 0.13 
<=3.01 
p<0.02 
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T A B L E 4. MORPHOMETRIC DATA R E L A T I N G TO NEUROMUSCULAR JUNCTIONS OF 
27 INTRAFUSAL MOTOR ENDINGS 
fibre type 
innervated 
b a g l 
bagj! 
chains 
number 
9 
7 
11 
length/(im 
range mean 
4 0 - 1 0 6 64 .7 
2 4 - 1 0 5 62 .7 
3 5 - 5 9 4 5 . 9 
sole-plate nuclei 
number number per 10 urn length 
range mean range mean 
2 - 7 4 .9 0 . 4 3 - 1 . 1 3 0 .79 
2 - 7 4.1 0 . 3 6 - 1 . 2 5 0 .73 
1-5 3.0 0 . 2 7 - 1 . 2 8 0.67 
axon terminals 
bag! 
bag? 
chains 
9 
7 
11 
number 
range mean 
6 - 3 5 21 .3 
7 - 3 4 15.3 
5 - 2 2 12.1 
mean length/um 
range 
5 . 3 - 15.8 
4 . 4 - 15.3 
4 . 7 - 1 2 . 6 
Serially sectioned spindles 
Mean values for the eccentricity (ratio E) of the axon terminals in whole endings 
ranged from 1.42 to 2.55 (exceptionally 3.97) and clustered around 2.0. They 
showed no systematic variation with respect to location of the endings (see 
figure 6a). Since E, 1 and S are interdependent, both the ratios for indentation 
(/) and superficiality (S) measure the degree to which terminals were embedded in 
the muscle-fibre surface. Hence only the results for / will be considered further. 
Figure 66 shows the mean values of I for all 27 endings plotted against their 
distances from the primary ending. The graph clearly illustrates that the further 
away an ending is from the primary, the more embedded in the muscle fibre its 
terminals become. The results for the endings in each spindle are indicated by 
D E S C R I P T I O N O F P L A T E 1 
Photographs of teased, silver preparations of motor endings supplied to normal cat peroneal 
muscles. Typical examples of the three types of intrafusal motor ending (figures 8 - 1 1 , 13, 
14) are illustrated together with an extrafusal motor ending (figure 12) for comparison. The 
ending in figure 11 is from peroneus tertius; the rest are from peroneus brevis. Scale in figure 8 
applies throughout. 
F I G U R E 8. Two typical chain fibres each receive a trail plate. 
F I G U R E 9. A bag2 fibre receives a trail plate. 
F I G U R E 10. A bag, fibre receives a pj plate. 
F I G U R E 11. A bagj fibre receives a p 2 plate. 
F I G U R E 12. An extrafusal motor endplate. 
F I G U R E 13. The p, innervation supplied to a bag t fibre consists of two plates 20 Jim apart. 
F I G U R E 14. A long chain fibre receives a p, plate. Note nucleated sole plate and Doyere eminence. 
These features are usually obvious in p x and extrafusal plates, but not in p 2 or trail plates. 
Prod R. Soc. Lond. B, volume 225 Banks et al., 'plate 1 
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different symbols; these also represent different cats since each spindle was 
originally located in a tenuissimus muscle of a different cat. This shows that some 
of the total variability arises from differences between each source of material, such 
as differences between individual cats, and uncontrollable variations in details of 
preparation. 
When the results are plotted separately for the endings on each type of intrafusal 
muscle fibre, the mean values of / increase with greater distances from the primary 
ending in each case. Moreover when an axon supplied two or three endings to the 
same muscle fibre, or the same type of muscle fibre, the fibre surface in the 
neuromuscular junctions of the more distal endings almost always had a greater 
me m indentation than that found in the junctions of the more proximal endings 
(sees figure 7). The small number of endings sampled on bag2 fibres (7), and their 
relatively restricted location, may account for the fact that the slope of the 
regression line is not significantly different from 0 in this case, though it is 
nevertheless similar to that in the graphs for the bagx and chain fibres. The vertical 
bar in each graph illustrates the variability of / within a single ending (see also 
figures 15-25, plate 2). For example, in figure 7 c the ending selected was located 
on a chain fibre 1.15 mm from the primary ending in region B. There were nine 
axcn terminals in a neuromuscular junction 39 p:m long; their mean length was 
5.1 p in a range of 2.0-8.0 urn. The mean value of / for all terminals was 
0.2 L +0.03 s.e., and the mean values for individual terminals varied over the range 
0.0'1-0.37. Finally, values of/for individual terminal profiles ranged from 0 to 0.75. 
The remaining data relating to the serially sectioned endings are summarized 
in table 4. The neuromuscular junctions on chain fibres appear to be shorter overall 
than those on bag fibres, but the only significant difference is that between the 
mean lengths of the junctions on bagx and chain fibres (p < 0.05, Wilcoxon's rank 
sum test). The junctions on these fibre types also differ significantly (p < 0.05) in 
their number of axon terminals. This may be a consequence of the difference in 
junction length, but the two differences are not proportional, and the larger number 
of terminals on the bag! fibres may reflect a greater terminal density in their 
neuromuscular junctions. 
D E S C R I P T I O N O F P L A T E 2 
Phonographs of transverse sections through a cat tenuissimus muscle spindle showing part of 
a trail plate on a bag2 fibre. Abbreviations: b 2, bag2 fibre; c, chain fibre; pt., preterminal 
axon; s.p.n., sole-plate nucleus; S.n., Schwann-cell nucleus; t, axon terminal. 
F I G U R E S 15-23. Serial, 1 um-thick, toluidine-blue-stained sections show axon terminals of 
various sizes, profile, and degrees of indentation into the sole plate. The axon terminals 
marked by arrowheads in figure 20 are shown in detail in figure 24. The preterminal axons 
similarly marked in figure 21 are shown in detail in figures 24 and 25. The axon terminal 
labelled t in figures 19-22 is slightly more than 4 um long. I t is shown in detail in figure 25. 
F I G U R E S 24 AND 25. Electron micrographs of an ultrathin section taken between the sections 
shown in figures 20 and 21. The axon terminals are thinly covered by Schwann-cell 
cytoplasm which cannot be separately resolved in the light micrographs (figures 15-23). 
Nevertheless, the light micrographs do show fine detail; for example, the preterminal axons 
visible in the electron micrographs can be clearly identified in the light micrograph figure 21. 
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D I S C U S S I O N 
Presynaptic features 
We conclude from our results that P axons are associated with a single type of 
intrafusal motor innervation irrespective of whether it is supplied to bag l 5 long 
chain, or intermediate chain fibres. This type of innervation is distinctly different 
from the presumed dynamic y innervation that remains on the bagx fibre after the 
P endings have degenerated following nerve section; and both these types are 
different from the bag2 and typical-chain innervation, which is a single group 
supplied by static y axons. In our sample of normal bag! innervation it is 
interesting to note the presence of a large peak corresponding to the P supply (see 
figure 3), confirming the increasing recognition of the importance of this dynamic 
input. 
Since these three groups of intrafusal motor endings are similar to those 
previously identified in the literature as pj (P), p 2 (dynamic y), and trail (static 
7), we shall continue to use this nomenclature. We do so on the understanding that 
the classification is based solely on the presynaptic features of the endings, and 
that there is often overlap between the categories with respect to any single feature. 
Postsynaptic features 
Our results show that the degree of indentation of the intrafusal muscle fibres 
by motor axon terminals increases with greater distance from the primary ending, 
irrespective of fibre type. Arbuthnott et al. (1982) use degree of indentation as a 
major defining characteristic to classify intrafusal motor endings into various types 
of plate, the most deeply indented ones (their 'm^ plates') occurring on the bagx 
fibre. Our findings indicate that this is because the bagx fibre usually receives 
endings most distant from the primary ending (see figure 6). At equal distances 
from the primary there is little difference between the indentation of motor 
terminals on the bag! fibre and the other fibre types. For example, the mean value 
of / for the five endings in our sample that were located on bagi fibres 1.0-1.5 mm 
from the primary endings was 0.15. This compares with six bag2 and four chain 
endings located within this distance whose mean values of 1 were 0.14 and 0.20, 
respectively. 
Apart from the degree of indentation (primary folding) of the postsynaptic 
membranes, there is the amount of junctional (secondary) folding to consider. 
There is now good evidence that this is related to muscle-fibre type and tends to 
increase in motor endings on bagx, bag2, and chain fibres, respectively (Barker et 
al. 1978; Kucera 1980a, 1981, 19826, c; Banks 1981). This gradation is matched 
by the cholinesterase (ChE) content of the endings, there being a parallel increase 
in the density and thickness of the ChE reaction product (Kucera 19826). I t may 
be that this reflects differences in the electrical and contractile activity of the 
muscle-fibre types (Pachter & Eberstein 1983). The factor of distance from the 
primary ending appears to operate regardless of fibre type such that the greater 
the distance, the higher the ChE content of an ending (Kucera 1982c), and the 
greater the amount of junctional folding. I t follows from this, and from our own 
data on indentation, that maximal primary and secondary folding should be found 
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in motor endings supplied to long chain fibres in region C, and the observations 
of Ai'buthnott et al. (1982, their 'm d plate') andKucera & Hughes (1983a) confirm 
this. 
Into this scheme of things Arbuthnott et al. (1982) and Sutherland et al. (1985) 
have introduced the idea that there are two types of static y axon that preferentially 
innervate bag2 and typical chain fibres, respectively. Both types are said to 
innervate chain fibres; one, mainly distributed to bag2 fibres, supplies terminals 
that lie superficially on the muscle-fibre surface as 'm a plates', whereas the other, 
mainly distributed to chain fibres, supplies terminals deeply embedded in the 
muscle-fibre surface as ' m c plates'. The m a plates are correlated with trail endings, 
but :he ending identity of the m c plates is left open. The evidence put forward 
by Arbuthnott et al. (1982) for the existence of the m c plate rests mainly on the 
disti ibution of five such plates to typical chain fibres by a static y axon in one pole 
of a single tenuissimus spindle. One other such plate in another spindle is 
acknowledged by them to have been supplied by a dynamic y axon, and two others 
in a further spindle are located on long chain fibres and were presumably supplied 
by a static P axon. Their study was confined to the motor innervation of six spindle 
poles. A study of eleven spindle poles is reported by Sutherland et al. (1985), that 
claims to confirm the existence of m a and m c plates as distinct entities, but this 
is simply an extension of the earlier work, and, indeed, apparently includes the 
data' from it. 
Wje doubt whether this adds up to a valid case. In particular we doubt the 
histological basis for the conclusions drawn. This consisted of sampling each plate 
by cutting ultrathin sections at two or more levels at variable distances apart 
(Arbjuthnott et al. 1982). In view of the variability of postsynaptic form both within 
and between individual intrafusal motor neuromuscular junctions, it is desirable 
that observations be made on serial sections. 
Boyd et al. (1983) have advanced physiological evidence in support of two types 
of static y axon that predominantly or exclusively innervate either bag2 or typical 
chain fibres. This consists of identifying the type of muscle fibre activated by a 
single static y axon in three of the spindles that it supplies. As we have shown 
elsewhere (Banks et al. 1985), the selection of a small number of spindles from those 
actujally innervated by an axon inevitably tends to exaggerate any preponderant 
innervation of one muscle-fibre type, particularly when only two categories are 
recognized. This occurs even though the initial selection is unbiased. Although most 
static y axons that innervate cat spindles undoubtedly show some degree of 
predominant distribution to bag2 or typical chain fibres, analysis of the available 
histological evidence (Barker et al. 1973; Barker & Stacey 1981; Banks 1981; 
Kucera 1982^, 1983; Kucera & Hughes 19836; Arbuthnott et al. 1982) indicates 
that this is subject to random variation. 
Classification 
When the cholinesterase technique was first applied to mammalian muscle 
spindles (Coers & Durand 1956; Hess 1961) it became evident that, in addition to 
the presence of discrete plates in the poles, there were multiple diffuse endings near 
the equatorial region. In gold chloride preparations Boyd (1962) distinguished 
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these fusimotor components as , y 1 plates' and 'y 2 endings', and although he 
illustrated several discrete y 2 endings he chose not to describe them as plates 'to 
avoid confusion with the typical end-plates of Yj nerve fibres'. The distinction 
made between ' plates' and ' endings' is thus of long standing in descriptions of 
mammalian intrafusal motor innervation and is expressed in the plate (p^ p 2) and 
trail-ending classification of Barker et al. (1970). Indeed, the multiterminal nature 
of the trail ending led Barker (1967) to see it as closely resembling the grape endings 
that innervate the slow extrafusal muscle fibres present in some vertebrate 
muscles. However, the serial-section studies of Kucera (1980a, 6), Banks (1981), 
and Arbuthnott et al. (1982) have revealed that the trail innervation is in fact 
distributed in the form of plates, and that in any given spindle pole the typical 
chain fibres, which receive most of the innervation, usually do so in the form of 
a single plate. We therefore propose that in future the term 'trail ending' should 
be replaced by the term 'trail plate'. 
It is clear that the postsynaptic form of intrafusal motor endings (determined 
by muscle-fibre type and distance from primary ending) cannot be correlated with 
their presynaptic form so as to produce a unified classification. The overlap in 
location in spindle poles is such that components of different function, or from 
different systems, may have the same postsynaptic form, for example, as in the 
case of dynamic y and static y endings on typical chain fibres (Arbuthnott et al. 
1982), or dynamic P and y endings on bag! fibres (Banks 1981; Arbuthnott et al. 
1982). There is the additional variable of fibre type, and the fact that any unified 
classification would have to distinguish between the static and dynamic components 
of both P and y systems. We doubt whether such a classification would serve any 
useful purpose, though attempts to devise one have not yet been abandoned by 
others (Boyd & Gladden 1985; Kucera & Walro 1985). 
We thank Professor J . Z. Young, F . R . S . , for his comments on the manuscript, 
and David Hutchinson for photographic assistance. 
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Sensory Reinnervation of Muscles Following Nerve 
Section and Suture in Cats 
i 
| R. W. BANKS, D. BARKER and H . G. BROWN 
From the University of Durham and the Royal Victoria Infirmary, Newcastle. 
The common peroneal nerve was transected and repaired by epineurial suture in nine cats. In a further nine the nerve 
was transected twice and similarly repaired so as to produce a short autograft. Recover}' of stretch receptors in 
peroneus brevis was monitored histologically and physiologically from six to fifty weeks. In recovery after single 
neurotomy functionally identifiable muscle-spindle and tendon-organ afferents were reduced to 25% and 45% of 
normal, respectively; after double neurotomy (autograft) both were reduced to about 10% of normal. Muscle 
spindles were reinnervated with anhulospiral terminals, or wholly abnormal fine axon terminals, or both. Recovery 
evidently entails not only a reduction in number of stretch afferents, but also the making of some incorrect 
reconnections that presumably result in abnormal proprioceptive feedback and reflex action. When a graft is used 
the sensory impairment is compounded. 
Nervje repair by epineurial suture is now widely used in 
the restoration of motor function following injury or 
pathological change. The ability of the reinnervated 
muscles to generate tension on electrical stimulation of 
their nerves may be similar to normal (Luff , 1984), but 
the degree to which their central nervous control is 
restored is often disappointing (Omer, 1980). In view of 
the preponderance of sensory axons in muscle nerves it 
is niore likely that this deficiency is due to the 
disturbance of proprioceptive feedback than to the 
altered pattern of motor units in the reinnervated 
muscles. Sensory axons account for about two thirds of 
the total somatic component in nerves supplied to cat 
hindjimb muscles, whereas skeletomotor (a) axons 
account for only about one f i f t h (Boyd, 1968; Barker, 
1974). Despite the obvious importance of muscle 
proprioceptors, relatively little attention has been paid 
to their recovery after nerve injury, perhaps partly 
because the prime need has been to find out more about 
the normal structure and function of the most complex 
of th'ese, the muscle spindle. 
Nevertheless, it has been established that muscle 
spindles and tendon organs can be successfully 
reinr ervated under suitable conditions. For example, 
after a nerve-crush injury, which severs the axons but 
leaves the connective-tissue sheaths largely intact, the 
sense organs are restored to almost normal function and 
histojlogical appearance, provided that reinnervation is 
not too long delayed (Brown, 1976; Ip, 1977; Barker, 
1980; Hyde, 1983; Scott, 1983; Barker, 1985). Such is 
not the case in the reinnervation that follows nerve 
section, for this not only leads to a reduction in the 
number of normally responsive spindle and tendon-
organ afferents, but also results in the occurrence of 
various kinds of abnormally responsive afferents 
(Brown, 1976; Gregory, 1982; Banks, 1983). Brown 
(1976) regards the regeneration of afferents with 
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responses similar to normal as evidence of neuronal 
specificity. I f this view is held then functional 
deficiencies that remain after recovery from nerve 
section are presumably attributable to the failure of an 
axonal guidance mechanism that remains more or less 
intact after a less serious lesion. 
In the experiments of Brown (1976) and Gregory (1982) 
nerves supplying single muscles in the cat hindlimb were 
cut and their stumps either left to unite without suture 
or tied together in close opposition with fine silk thread. 
Gregory found abnormally responsive afferents in both 
self- and cross-reinnervated muscles. The use of long 
survival times allowed them to rule out Brown's 
suggestion that the abnormal responses were temporary, 
but they did not explicitly abandon the idea of neuronal 
specificity. 
In the experiments reported here we have made 
histological and physiological observations on the 
proprioceptive recovery of the cat peroneus brevis 
muscle that results from its reinnervation after section 
and epineurial repair of the common peroneal nerve. 
We have also examined the effect of sectioning the nerve 
at two levels so as to isolate a segment that could then be 
regarded as an autograft. It is hoped that the results of 
this work will help to assess the quality of 
proprioceptive recovery that might be expected when 
similar repairs are carried out clinically. 
Materials and Methods 
The common peroneal nerve of the left hindlimb was 
exposed where it crosses the lateral head of 
gastrocnemius in eighteen adult cats anaesthetized with 
sodium pentobarbital (Sagatal 45mg/kg i.p.). The 
fascia covering the nerve was removed and the nerve 
sectioned with fine scissors about 4mm proximal to its 
point of entry into the gastrocnemius lateralis muscle. 
At this level the nerve consists of seven or eight fascicles 
of which two are cutaneous and form the superficial 
peroneal nerve, and the rest innervate the peroneal and 
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other crural muscles. The nerve was repaired using 
about ten 10/0 polyamide epineurial sutures, fascicular 
alignment being preserved as far as possible. In nine cats 
the nerve was sectioned a second time 2mm distal to the 
first le'sion, and similarly repaired. This procedure 
inevitably isolated the intervening segment from its 
blood supply and produced a short autograft with 
optima fascicular alignment. 
After a recovery period of from six to f i f ty weeks, each 
cat was prepared for single-unit, dorsal-root recording 
under sodium pentobarbital anaesthesia. The left 
hindlin b was extensively denervated leaving the nerve 
to peroneus brevis intact. Ipsilateral L7 and SI dorsal 
and ventral roots were cut, and latencies of functionally 
single afferent axons were recorded in dorsal-root 
filaments during stimulation of the muscle nerve. 
Ramp-and-hold stretches of 1.8mm amplitude up to 
maximum physiological length were applied to the 
tendon of peroneus brevis at 2.5, 5.0, and lOmms - 1 . 
Whenever possible, afferents were identified as 
originating from tendon organs or muscle spindles 
according to whether they tended to fire during or after 
a muscle twitch. Afferent responses were recorded on 
magnetic tape, unless only a dynamic response of one to 
three spikes was present. 
At the end of the experiment the length of nerve 
between the stimulating and recording electrodes was 
measured, and the segment that included the repair was 
excised for subsequent histology. Peroneus brevis was 
strippea out so as to retain its periosteal origin and 
processed according to the silver technique of Barker 
(1963) 
(1985) 
teased 
mounts. 
Four 
with the modifications reported by Barker 
Muscle spindles and tendon organs were then 
out from the muscle and examined in whole 
uioperated adult cats were used to provide the 
physiological and histological data required for control 
purposes 
Results 
Normal peroneus brevis receptors 
The population of encapsulated sense organs in the 
normal peroneus brevis muscle of the cat is about thirty 
muscle-spindle units (mean of 25 muscles = 29.6 ± 1 . 1 
S.E.) ahd about twenty-five to thirty tendon organs. 
Paciniform corpuscles are rarely present; only one was 
found in twenty-five muscles. Each spindle unit is 
supplied with a primary sensory ending and usually also 
receives one or two secondary endings (see Figure 1A). 
Histological analysis of the four control muscles 
revealed an average provision of thirty primary endings 
and thirty-eight secondary endings; about a quarter 
(23.5%) of the spindle units lacked secondary endings. 
Since the afferent axons that innervate spindles and 
tendon organs rarely branch to supply more than one 
receptor, it follows that the total number of these axons 
in the nerve to peroneus brevis is close to one hundred. 
Conduction velocities of afferent axons obtained in 
control experiments and classified into functional types 
are given in Table 1 (see also Figure 2A). 
TABLE 1 
Conduction velocities (ms~ ' ) of three functional 
types of afferent axon in the normal cat peroneus brevis nerve. 
Afferent 
Group I 
la muscle-spindle primary 
lb tendon organ 
Group I I 
c.v. (mean i 
83.6 ± 6.6 
74.2 + 8.6 
36.5 ± 15.1 
S.E.) 
Sensory reinnervation following single neurotomy 
Regenerating afferent axons were present in the 
peroneus brevis nerve after six weeks, and the 
establishment of functional mechanosensory contacts 
were most rapid between six and seven weeks. By this 
time spindle and tendon-organ afferents could be 
identified, but there were always some afferents of high 
threshold that could not be assigned to a particular 
receptor (at f i f ty postoperative weeks four of thirty-
eight were of this type) as well as many afferents that 
did not respond to stretch. The average overall 
conduction velocity of mechanosensory afferents 
increased up to forty weeks, most rapidly before twelve 
weeks, but without any tendency to segregate into 
groups I and I I . 
Reinnervation of spindles and tendon-organs appeared 
to have been completed by the twelfth week, but the 
number of functionally identifiable afferents 
innervating the receptors was considerably reduced, 
tendon-organ afferents to an average of twelve per 
muscle (about 45% of normal) and spindle afferents to 
about seventeen per muscle (25% of normal). 
Conduction velocities were also reduced: at f i f ty weeks 
spindle afferents conducted at an average velocity of 
62ms (intermediate between the normal means for 
groups I and I I ) , and tendon-organ afferents at an 
average velocity of 4 6 m s ( 6 2 ° 7 o of normal). 
Throughout the recovery period of six to f i f t y weeks the 
responses of spindle afferents showed various 
abnormalities. The most obvious of these were the 
absence of a resting (tonic) discharge and the ability to 
respond only to the ramp phase of stretch. Though 
proportionately more common in the early stages of 
recovery, as following nerve-crush injury (Hyde, 1983), 
eighteen of forty afferents still lacked a tonic discharge 
at forty to f i f ty weeks, and five of these responded only 
during dynamic stretch (see Figure 2C). At this late 
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Fig. 1 Photographs of the sensory region of silver-stained muscle spindles teased from peroneus brevis. A. Sensory region of a normal spindle 
with primary (P) and secondary (S) endings. B. Double neurotomy (autograft) experiment after thirty weeks' recovery. One of few 
spindles to receive regenerated annulospiral endings, in this case reinnervating both primary (p) and secondary (s) regions. C. Single 
neurotomy experiment after sixteen weeks' recovery. Sensory region has been reinnervated by fine axon terminals that most probably 
belong to cutaneous afferents. 
of recovery tonically firing afferents that conducted 
within the control group I I velocity range were 
indistinguishable from normal secondary afferents, but 
were particularly rare. As a group, afferents conducting 
within the control group I velocity range still responded 
abnormally to dynamic stretch (Banks, 1983), though 
individual endings responding to a single rate of stretch 
could appear normal (see Figure 2B). 
The reduction in number of spindle and tendon-organ 
afferents was confirmed histologically. Thus in a sample 
of eighty-four tendon organs teased from muscles that 
had recovered for eight to f i f ty weeks, thirty-nine 
(46.4%) had been reinnervaied by variously abnormal 
terminals, whereas the rest remained deafferented or 
contained a few very fine axons. In the spindles teased 
from the twelve to f i f ty week muscles there were, on 
average, twelve endings per muscle that had 
annulospiral terminals more or less resembling those of 
normal primary and secondary endings (see Figure IB). 
These were located on the intrafusal muscle fibres as in 
normal spindles, but the sensory regions of the 
reinnervated spindles more frequently contained wholly 
abnormal fine axon terminals that remained mostly 
apart from the intrafusal fibres and were widely 
distributed in the periaxial space (see Figure 1C). After 
seven weeks' recovery sensory axons had returned to all 
spindles to supply either one or both types of 
innervation. 
Between the twelve- and fifty-week recovery stages most 
of the axons in the spindle nerves measured less than 
3^m in diameter in the teased, silver preparations. Of 
the regenerated afferents that had annulospiral 
terminals, 62%, on average, had diameters of 3^m or 
more and their maximum diameter was 5.0ym. This 
compares with a sample of 113 normal peroneus brevis 
spindle afferents in which 74.3°7o had diameters of 3^m 
or more and the maximum diameter was 10.1 pun (data 
from measurements used for Table 8 (Banks, 1982)). On 
average the thicker annulospiral afferents outnumbered 
the thicker afferents with fine terminals by about two to 
one. 
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Responses of afferent axons, identified as originating in peroneus brevis muscle spindles, to ramp-and-hold stretch of the muscle, 
stretches were of 1.8mm amplitude up to maximum physiological length and were applied at 5mm s~ 1. Each record shows, from top to 
bottom: spikes in a dorsal-root filament; a plot of instantaneous firing frequency calculated as the reciprocal of interspike interval; a 
baseline of zero frequency; and the phases of the ramp-and-hold stretch. Calibration (in C) 50 impulses s"1 (vertical) and 0.5s 
(horizontal). 
Response of a primary ending supplied to a normal spindle by a la axon whose conduction velocity was 78.8 ms 
B. Response from a reinnervated spindle after fifty weeks recovery in a single neurotomy experiment. The axon had a high conduction 
velocity (72.5ms"') and the response of its ending closely corresponds to that of a normal primary ending. 
Highly abnormal response of a purely phasic type from a reinnervated spindle ending in the same experiment as in B; axon conduction 
velocity 34.4ms - 1 . Three traces superimposed. 
D. Abnormal response from a reinnervated spindle after forty weeks recovery in a double neurotomy (autograft) experiment. There are 
phasic responses to both the ramp and release phases of stretch; axon conduction velocity 18.2ms" . 
Three traces superifnposed. This type of response occurred less frequently than the abnormal response shown in C . 
Sensory reinnervation following double neurotomy 
(autograft) 
The infusion of a short autograft in the nerve lesion 
was followed by reinnervation that was qualitatively 
similar to that following single neurotomy, but 
quantitatively worse in almost every respect. 
Regenerating afferents were present in the peroneus 
brevis nerve from six weeks onwards, and the most 
rapid increase in their conduction velocity occurred 
before twelve weeks, as after single neurotomy, but 
functional mechanosensory contacts were fewer and 
were established more slowly. Identifiable spindle and 
tendon -organ afferents were each reduced to about 10% 
of normal, averaging respectively seven and three per 
muscle at sixteen to f i f t y weeks. The average overall 
conduction velocities of mechanosensory afferents 
remained very low (44ms"' at fifty weeks), and the 
proportion of unidentified afferents remained very high 
(eighteen of thirty-seven at forty to f i f ty weeks). 
However, the proportion of tonically firing spindle 
afferents, and the nature of their responses to dynamic 
and static stretch, were similar to those present 
following single neurotomy. An example of an 
abnormally responding ending is shown in Figure 2D. 
Silver-stained spindles teased from the twenty- to fifty-
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week muscles had, on average, seven annulospiral 
endings per muscle. Of their afferents only 37% had 
diameters of 3jim or more, and only 45% of all the 
afferents of that calibre in spindle nerves ended in 
annulospirals. 
Discussion 
Our results show that proprioceptive function is 
seriously impaired in the reinnervation and recovery 
that follow the severance and suture of a cat's 
musculocutaneous nerve, despite the single-cut injury 
being immediately repaired by epineurial suture that 
ach'ieved optimal fascicular alignment. Not only is there 
an [absolute reduction in the number of stretch- and 
tension-sensitive afferents, but those that do 
successfully reinnervate muscle spindles and tendon 
organs show various degrees of abnormality in both 
structure and function. Moreover, these deficiencies 
remain unchanged after f i f ty weeks and appear to be 
permanent. Although there are many outstanding 
problems concerning the proprioceptive role of muscle 
spindles (Matthews, 1981) and other muscle receptors, 
this sensory impairment can only be detrimental to the 
degree of central nervous control of muscle activity. 
Clinical assessments of recovery following the suture of 
human peripheral nerves (Omer, 1980) suggest that in 
most circumstances there may be considerable loss of 
proprioceptive function. It seems probable that the 
impairment would be greatest in those muscles with a 
high density of spindles such as the lumbricals of the 
hand and the intrinsic muscles of the thumb (see Table 1 
in Cooper, 1960). 
Evaluation of the reinnervation and restoration of 
function that follows the repair of severed muscle nerves 
raises the question as to whether the muscle receptors 
have to be reconnected with the same types of afferent 
they received before the injury in order for functional 
success to be achieved. We have carried out cross-union 
experiments (Banks, Barker and Stacey, 1984) which 
indicate that the regenerating afferents are, in fact, not 
specific as to the receptor site they innervate. The 
experiments suggest (i) that cutaneous afferents are able 
to reinnervate muscle spindles with fine axon terminals, 
such as have been observed in the present study, and 
that some of these are capable of responding to stretch; 
and (ii) that tendon-organ (lb) afferents are capable of 
reirlnervating spindles by terminating in sites originally 
occupied by endings supplied by primary (la) or 
secondary (II) afferents. 
Thus the sensory impairment that follows the repair of 
severed muscle nerves not only involves afferent loss, 
but also some incorrect reconnections that presumably 
result/in abnormal proprioceptive feedback and reflex 
action. It seems that nerve severance results in an 
irreduceable level of axonal mismatching in the 
regeneration and reinnervation that follows, and this is 
naturally compounded when a graft is used, since this 
effectively involves two lesions. Clinically, grafting is 
the only feasible way to bridge a wide gap between nerve 
stumps and so avoid the excessive tension that end-to-
end suture would produce. Opinions vary as to what the 
critical distance between stumps should be beyond 
which a graft should routinely be used (Miyamoto, 1981 
and subsequent discussion). Our results clearly 
encourage the choice of longer rather than shorter gap 
distances (e.g. 2cm rather than 1.5cm) i f additional 
sensory loss is to be avoided. 
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Responses of cat muscle spindles reinnervated by afferents formerly 
terminating in tendon organs 
B Y R. W. B A N K S and D. B A R K E R . Department of Zoology, University of Durham, 
Durham DM 3LE 
Tendon-organ (group lb), Pacinian-corpuscle (group II) and free-ending afferents 
most exclusively comprise the myelinated component of the cat hind-limb inter-
osseous (INT) nerve. All three types are able to reinnervate muscle spindles with their 
own characteristic terminals (Banks, Barker & Stacey, 1984). Here we describe the 
responses of such reinnervated spindles to passive stretch. 
J Cross-unions were made unilaterally between the INT nerve (proximal) and the 
flexor digitorum longus (FDL) nerve (distal) in two adult cats anaesthetized with 
sodium pentobarbitone. After 17 or 18 weeks the cats were deeply anaesthetized with 
sodium pentobarbitone and prepared for single-unit, dorsal-root (L6-S1) recording. 
The hind limb was extensively denervated, including the proximal stump of the F D L 
nerve so as to eliminate any afferent reinnervation from that source. Efferent 
reinnervation was advantageous since it enabled the muscle to twitch in response to 
electrical stimuli applied to the F D L nerve distal to the cross-union. This allowed 
afferents exhibiting rebound excitation following muscle twitch to be identified as 
being located in spindles. Mechanical stimulation by ramp-and-hold stretch of 1-8 mm 
amplitude up to maximum physiological length was applied at 10, 5 or 2-5 mm s _ 1 to 
the F D L tendon. 
! Of 79 group I or I I afferents present in the reinnervated F D L nerves, 31 showed 
maintained responses to stretch and were located in spindles. Their conduction 
velocities (mean 73-7, S .D. 8-18 m s _ 1 ) were similar to those of normal INT 
tendon-organ afferents (mean 77-2, S.D. 6-98 m s _ 1 ) . In terms of dynamic index, initial 
burst and static discharge, their responses were all within the range of normal primary 
and secondary endings of F D L and flexor hallucis longus spindles. The occurrence 
of such responses correlates well with the histology of three similar cross-unions in 
which large-diameter afferents, presumed to be lb, were observed in F D L spindles 
terminating in sites previously occupied by the endings of l a and I I afferents. 
|Only eight of the remaining afferents showed responses to mechanical stimulation 
or muscle twitch. One was a group I axon (81-8 m s _ 1 ) located in a tendon organ; two 
were group I I axons (47-4 and 51-4 m s - 1 ) in Pacinian corpuscles; and the rest were 
group I I axons with weak responses to ramp stretch or muscle twitch. 
'Financial support from the National Fund for Research into Crippling Diseases (Action Research) 
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SENSORY REINNERVATICN CF "AT MUSCLE SPINDLES AFTER NERVE 
SECTION. 
y..J. Stacey, R.W. Banks ar.d D. Barker, department o f 
Zoology, U n i v e r s i t y c f Durham. Durham, U.K. 
A f t e r s e c t i o n and suture o f the common peroneal r.er\ 
s p i n d l e s were r e i n n e r v a t e c w i t h a n n u i o s p i r a i t e r m i n a l s , 
abnormal f i n e axon t e r m i n a l s , or bo t h , and t h e i r response 
to ramp-and-hold s t r e t c h showed v a r i o u s aor.ormaiities 
Throughout a recovery p e r i o d o f 6-50 weeks. Crcss-unicr. 
-xperiments i n d i c a t e d t h a t the f i r . e axon t e r m i n a l s belong 
t a i n i y t o f r e e - e n d i n g a f f e r e n t s . and t h a t some resocnded 
:c s t r e t c h . Other cross-union experiments, designed to 
e l u c i d a t e the i d e n t i t y of the a n n u i c s p i r a i t e r m i n a l s , 
t r c v i d e d the o p p o r t u n i t y : : r l b tendon-organ a f f e r e n t s t : 
r e i n n e r v a t e s p i n d l e s . .Ve frun d t h a t such = : f e r e n t s ccuio 
form endings i n s i t e s p r e v i o u s l y occupied by the endir.zs 
of l a and I I s p i n d l e a f f e r e n t s and respond to s t r e t c h ir. 
e n t i r e l y comparable manner. This has enabled the a f f e r e n 
recovery o f peroneus b r e v i s a f t e r r.erve s e c t i o n t o be 
q u a n t i f i e d h i s t o l o g i c a l l y i n terms o f the number o f resen 
erated l a and I I a f f e r e n t s r e s t o r e d t o s p i n d l e s expressed 
?-s a percentage o f the estimated normal supply, as f o l l o w 
s i n g l e t r a n s e c t i o n o f common peroneal r.erve. 15%; double 
t r a n s e c t i o n ( s h o r t a u t o g r a f t ) , 9%; s i n g l e t r a n s e c t i o n o f 
peroneus b r e v i s nerve o n i y , 33%. 
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REGENERATED SENSORY INNERVATION OF MUSCLE RECEPTORS FOLLOWING NERVE SECTION 
R . W. 3ANKS, D. 3ARKER and M . J . STAGEY, Department of Zoology, U n i v e r s i t y of 
X i r h a c Durham DH1 3LE, U.K. 
Recovery of s c r a t c h receptors i n the peroneus b r e v i s muscle of the c a t was 
iionit c r a d 6-5C weeks a f t e r s e c t i o n and suture of the common peroneal nerve, 
'jpir.dles were reinnervated wish a n n u i o s p i r a l t e r m i n a l s , or wholly abnormal f i n e 
4xon terminals, or both, and t h e i r responses to ramp-and-hold s t r e t c h shewed 
a r i c u s abnormalities throughout the recovery period (Banks and 3arker, J . 
d h y s i c i . 345, 97?, 1983; Banks, Barker and 3rowr., J . Hand Sure. 10-3, 340, 1935) 
The reir.nervation of peroneus b r e v i s s p i n d l e s by cutaneous a f f e r e n t s i n c r o s s -
union experiments i n d i c a t e d shat the f i n e axon terminals belonged mainly to 
ree-er.ding a f f e r e n t s , and that some were capable of responding to s t r e t c h 
Banks, 3arker and Stacey, J . P h y s i o l . 357, 21?, 1984). Other experiments were 
isigr.ed to i n v e s t i g a t e the nature of the a n n u l o s p i r a l t e r m i n a l s . Cross-union 
the interosseous and f l e x o r digitorum longus nerves provided the opportunity 
£r tendon-organ (lb) a f f e r e n t s to r e i n n e r v a t e s p i n d l e s i n the absence o f s p i n d l 
l a and I I ) a f f e r e n t s . We found t h a t the l b a f f e r e n t s were capable of forming 
a i i n u l o s p i r a l endings i n s i t e s p r e v i o u s l y occupied by the endings of l a and I I 
a: f e r e n t s , and of responding comparably to s t r e t c h (Banks and Barker, J . 
P h v s i o i . 3 7 2 , 2 4 P , 1986). S e l f - r e i n n e r v a t i o n of the tenuissimus allowed l a and 
I I a f f e r e n t s to r e i n n e r v a t e s o i n d l e s i n the v i r t u a l absence of lb a f f e r e n t s . 
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In Engel, A.and Banker, B.Q. (eds.) Myology, pp. 309-341 McGraw-Hill: New York. 
CHAPTER 
1 0 
The Muscle Spindle 
DAVID BARKER & ROBERT W. BANKS 
Morphology 
INTRAFUSAL M U S C L E FIBERS 
C A P S U L E AND V A S C U L A R S U P P L Y 
TKPES O F SPINDLE UNIT 
NUMBER AND DISTRIBUTION 
S E N S O R Y INNERVATION 
M O T O R INNERVATION 
A U T O N O M I C INNERVATION 
Physiology 
T H E SPINDLE AS A R E C E P T O R 
E F F E C T S O F S Y M P A T H E T I C S T I M U L A T I O N 
Muscle spindles are mechanoreceptors sensitive to 
muscle length and changes in muscle length. They 
are composed of small (intrafusal) muscle fibers that 
lie as bundles in parallel with ordinary (extrafusal) 
muscle fibers, their ends attached to connective tis-
sue, tendon, or extrafusal endomysium. They re-
ceive both a motor and a sensory innervation. The 
sensory innervation, which responds to active and 
passive changes in muscle length, is protected by a 
fusiform, fluid-filled capsule and occupies the equa-
torial region of the intrafusal bundle, whereas the 
motor innervation is distributed to the polar regions 
that extend on each side. Activation of the motor 
innervation elicits contractions in the polar regions 
that modify the sensory discharge. 
Muscle spindles occur in the somatic muscles of 
vertebrates. They were first noticed and described 
in frog muscle by Weismann1 in 1861. For many 
years it was believed that the receptor first appeared 
in early tetrapods in antigravity muscles associated 
with posture and locomotion, but it now seems 
likely that there was an earlier debut in the jaw mus-
cles of fish, since Maeda, Miyoshi, and Toh l a have 
recently reported finding monofibral spindles in the 
jaw-closing muscle of the Japanese salmon. 
The nonmammalian spindle is supplied with one 
sensory ending and receives its motor innervation 
from branches of axons that also innervate extrafu-
sal muscle fibers. Mammalian spindles are supplied 
with a primary sensory ending (the homologue of 
the ;sensory ending in nonmammalian spindles) and 
may, in addition, be supplied with one or more sec-
ondary sensory endings. Two kinds of motor system 
are involved in their motor innervation: a fusimotor 
(y) system, which is exclusively intrafusal and 
unique to mammals, and a skeletofusimotor (/3) sys-
tem, in which intrafusal and extrafusal muscle fibers 
share a common innervation, as in nonmammalian 
spindles. Each system contains two functionally dif-
ferent types of motor axon whose stimulation pro-
duces different effects on the dynamic response of 
the primary ending. (The dynamic response is defined 
as the alteration in the rate of impulses discharged 
by the ending that is related to the rate of change of 
muscle length. It contrasts with the static response, 
which is the alteration in discharge that arises as a 
result of the muscle's changing from one steady 
state length to another). Stimulation of dynamic y 
motor axons increases the dynamic sensitivity of the 
primary ending, whereas stimulation of static y 
axons decreases it2; there is the same functional dif-
ference between dynamic and static (3 axons. 3 - 3 The 
static response is increased by stimulating either 
static or dynamic axons, y or /J. 
This chapter is about mammalian spindles. It is 
mostly about those of the cat because far more is 
known about them than any others. Such informa-
tion as there is about human spindles indicates that 
they do not differ in any radical respect from those 
in the cat. 
A typical spindle in a cat's hindlimb muscle (see 
Fig. 10-1) consists of a 7- to 10-mm-long bundle of 
six to nine muscle fibers that is richly vascularized, 
partly encapsulated (generally the middle third), 
and innervated by a spindle nerve that leaves a 
nearby intramuscular nerve trunk to enter the equa-
torial region. Two kinds of muscle fiber can be rec-
ognized on the basis of differences in length, diame-
ter, and equatorial nucleation. The longest and 
thickest are called nuclear-bag fibers because for a 
short length in the equatorial region they contain 
few myofibrils and are full of round vesicular nuclei, 
thus forming what Barker described as a nuclear 
bag.6 Each bag tapers off on either side into a single 
row of elongated nuclei within a central core of sar-
coplasm to form a myotube region.6 The shortest and 
thinnest fibers contain a single central row of nuclei 
in the equatorial region and are called nuclear-chain 
fibers7 (see Fig. 10-1D). There are usually two bag 
fibers and four to seven chain fibers. 
The site of the nuclear bags, myotube regions, 
and chains is innervated by a group la axon that 
terminates as an annulospiral primary ending. This 
is usually accompanied by one secondary ending 
supplied by a group II axon that distributes less reg-
ular rings and spirals predominantly to the chain 
fibers. The motor innervation consists of a diffuse 
multiterminal trail ending8 and two types of plate, 
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Figure 10-1. Schema illustrating the structure and innervation of cat tenuissimus muscle spindles. A. The encapsulated 
bu idle of intrafusal muscle fibers that constitutes a spindle. B. The equatorial region and part of one pole illustrating 
regions A, B, C and innervation by la and II sensory and )3 and y motor axons, ex.m.f. = extrafusal muscle fibers; 
FGTOG = fast glycolytic or fast oxidative-glycolytic muscle fiber; SO = slow oxidative muscle fiber. C. Sensory inner-
vation comprising a primary ending and an Si secondary ending. The distribution of the total terminal contact area of a 
primary ending is about 35% bag], 25% bag2, 40% chain; of an Sj secondary 10% bag,, 20% bag2, 70% chain. D. 
Nuclear-bag and nuclear-chain intrafusal muscle fibers showing nucleation in primary and S] secondary regions. E,F. 
Mptor innervation of a typical pole (£). The most common variation (F) is for static and dynamic P axons to participate in 
the motor innervation (though seldom of the same spindle). Some spindles receive a nonvascular autonomic innerva-
tion. A-D depict features drawn to the scale of average dimensions; C, D are based on reconstructions29; £, F are 
schematic diagrams. 
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des: gnated pi and p 2 . 9 ' 1 0 The pi plates are supplied 
by 3 axons, the p 2 plates and trail endings by y 
axois. Apart from this somatic innervation, some 
spindles also receive autonomic axons that are in 
neuroeffective association mainly with the intrafusal 
muscle fibers." 
The manner in which the motor innervation is 
distributed to the bag and chain muscle fibers has 
been the subject of considerable controversy. The 
original idea was that dynamic motor axons inner-
vated the bag fibers terminating as plates, whereas 
the static motor axons innervated the chain fibers 
terminating as trail endings. Such selective innerva-
tion had the attraction of providing a basis whereby 
the static and dynamic responses of the spindle 
could be under separate motor control and operate 
through two intrafusal systems. This dual model 
of the mammalian spindle was generally accepted 
during the sixties and early seventies, despite an 
increasing amount of histological and histophysio-
logical evidence that failed to support it. This 
acknowledged that dynamic motor axons were al-
most exclusively distributed to bag fibers but main-
tained that static axons were most frequently dis-
tributed to both bag and chain fibers. The conflict 
was resolved when it gradually came to be realized 
that there are two types of bag fiber that differ with 
respect to ultra structure, histochemical profile, con-
tractile properties, and development. They were 
designated as bag-, and bng2 fibers. It is now accepted 
that there are three kinds of mammalian intrafusal 
muscle fiber and that dynamic actions are carried 
out by the bag] fiber (the dynamic bag fiber) and 
static actions by the bag2 (static bag fiber) and chain 
fibers. 
The original work involved in this switch from a 
dual to a triple spindle model is referred to in the 
following sections; these discussions summarize 
details of the structure, innervation, and develop-
ment of the cat spindle and give some account of 
how it functions. The most recent reviews of work 
on mammalian spindles are those of Laporte, 1 2 Ken-
neiy, Poppele, and Quick, 1 3 Boyd, 1 4 ' 1 5 and Mat-
thews1 6; for reviews that deal with both mammalian 
and nonmammalian spindles see those of Barker1' 
and Hunt. 1 8 
I 
Morphology 
INTRAFUSAL MUSCLE FIBERS 
The dual model of the mammalian spindle could not 
satisfactorily account for histochemical observations 
made in the sixties that distinguished three types of 
intrafusal muscle fiber. When the histochemical evi-
dence was correlated with observations made on 
ultrastructure and teased silver preparations, it be-
came clear that there were two kinds of bag fiber 
(see review by Barker1'). These were designated as 
nuclear bag and intermediate by Barker and Stacey1 9 
and as bag7 and bag2 by Ovalle and Smith. 2 0 The cor-
relation of the histochemistry with the electron mi-
croscopy was somewhat conjectural as the observa-
tions reported by various workers had been made 
on separate preparations of different spindles, and 
for a time there was some confusion about how the 
two kinds of bag fiber should be categorized. 
The matter was resolved when Banks, Barker, 
Harker, and Stacey21 devised a technique that al-
lowed adjacent sections of the same spindle to be 
prepared for either histochemical or ultrastructural 
study. Descriptions by Banks, Harker, and Stacey2 2 
of the ultrastructural and histochemical characteris-
tics of the two types of bag fiber then followed, and 
Ovalle and Smith's 2 0 terms bagj and bag2 were 
adopted to designate them. 2 3 Besides their different 
ultrastructure and histochemistry, it transpired that 
the two types could also be histologically distin-
guished by the abundance (bag2) or scarcity (bag!) 
of elastic fibers associated with them in the extra-
capsular polar regions24; and by the fact that the 
bag, fiber often lay apart from the bag2 and chain 
fibers during its course through the equatorial re-
23 
g>°n. 
Barker, Banks, Harker, Milburn, and Stacey23 
found it convenient to distinguish three regions, A, 
B, and C, between the equator and the origin or 
insertion of a spindle pole, a practice that has since 
been generally adopted. The regions are defined as: 
A, that part of the equatorial region lying between 
the equator and the equatorial end of the periaxial 
space (i.e., the space between the intrafusal, or axial, 
bundle and the capsule wall); B, that part of the pole 
extending from the equatorial end of the periaxial 
space to the end of the capsule; and C, the extracap-
sular part of the pole (see Fig. 10-1B). 
In some spindles one of the chain fibers extends 
for a considerable distance beyond the capsule and 
has been called a long chain fiber. 2 3 Kucera 2 3 , 2 6 dis-
tinguishes two further subtypes, namely, typical 
chain fibers, which mostly attach within the cap-
sule, and intermediate chains, which extend beyond 
it but not so far as long chain fibers. These subtypes 
are of functional significance, since there is evidence 
of selective innervation of long and intermediate 
chains by static /3 axons and of typical chains by 
static y axons (see Motor Innervation, below). 
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Length, Diameter, and Nucleation 
In! most spindles the bag fibers are the longest, the 
bag2 generally being longer than the bag]. Kucera 2 6 
reports mean polar lengths of 2947 fim for bag2 fi-
bers, 2760 /im for bagi, and 1231 /im for typical 
chains (tenuissimus, frozen sections). In 77 percent 
of 313 spindle poles the bag2 was the longest fiber, 
in 14 percent the bagi; in 3 percent the bag fibers 
w'ere of equal length, and in 6 percent the longest 
fiber was a long chain. The long chain fibers (i.e., 
thlose extending 1.0 mm or more beyond the cap-
sule 2 3), when considered as a group, proved to be 
the longest fibers in Kucera's study, 2 6 their mean 
polar length being 2990 /xm. This compares with 
one of 1929 /urn for intermediate chain fibers (i.e., 
those extending for less than 1.0 mm beyond the 
capsule). Long and intermediate chain fibers oc-
curred in a minority of spindles and usually lay 
close to the bag) fiber for much of their course. 2 7 
Mean juxtaequatorial (inner region B) diameters 
for bag and chain fibers given by Boyd 2 8 are 
16.86 ± 2.35 /u-m for bag fibers and 8.37 ± 1.85 
for chains (tenuissimus, Susa fixation, paraffin sec-
tions). No systematic study of intrafusal muscle 
fiber diameters has been made since it was estab-
lished that there are two types of bag fiber and three 
subtypes of chain. All types of fiber become thinner 
as they pass through the equatorial region, and 
tliose that extend well into region C tend to become 
thickest in this region. The presence of a secondary 
ending adjacent to the primary results in the bag 
fi 3ers' undergoing a marked increase in diameter at 
the sites where they receive secondary terminals.29 
The nuclei of intrafusal muscle fibers are located 
either peripherally underneath the sarcolemma 
(< ubsarcolemmal nuclei), as in the polar regions, or 
internally among the myofibrils (myonuclei), as in 
the equatorial region. In light microscope prepara-
tions it is sometimes difficult to distinguish between 
subsarcolemmal nuclei and those of satellite cells 
and endomysial fibrocytes. Satellite cells occur 
mostly in association with bag2 fibers in region C; 
they are less frequently associated with the bagj 
fiber and rarely occur on chain fibers. 3 0 
The most detailed information about equatorial 
nucleation is that recently obtained by Banks, 
Barker, and Stacey2 9 from reconstructions of four 
tenuissimus spindles (see Fig. 10-2). They found 
that nuclear bags contained 52 to 106 myonuclei, 
those of bagi and bag2 fibers averaging 68 and 80, 
respectively. In the myotube regions there were 6 to 
12 myonuclei, average 9; in the nuclear chains there 
were 11 to 38, average 24. There was a tendency for 
the longest chain fibers to be the most densely nu-
cleated and for their myonuclei to aggregate 
equatorially to form miniature nuclear bags (see also 
Kucera 2 7). Myonuclei occupied 70 to 90 percent of 
the cross-sectional area of each nuclear bag, 30 to 50 
percent of each myotube region, and 40 to 60 per-
cent of the longest chain fibers in the primary re-
gion. By contrast, myonuclei in the region of sec-
ondary terminals on bag fibers occupied only 10 
percent of the cross-sectional area. 
infrastructure 
Observations on the ultrastructure of intrafusal 
muscle fibers made before the present classification 
of fiber types was established are reviewed by 
Barker. 1 7 It is now apparent that the fibers display 
two types of myofibrillar ultrastructure, which for 
convenience have been designated M or dM accord-
ing to the appearance of the M l ine . 2 1 , 2 3 In the M 
condition the M line crosses the middle of each sar-
comere as a single prominent line (low power) com-
posed of five parallel faint lines (high power), 
whereas in the dM condition the M line either can-
not be seen or appears as two parallel faint lines, 
according to the orientation of the myofibrils.22 
In the M condition the myofibrils are packed as 
discrete units in sarcoplasm that is rich in glycogen 
and contains many thick, long mitochondria and a 
sarcoplasmic reticulum (SR) that is well developed 
at the level of the I and Z bands. Transverse sections 
at this level show the myofibrils almost completely 
encircled by SR elements. By contrast, in the dM 
condition there is very little interfibrillar sarco-
plasm, little glycogen, poorly developed SR, and the 
mitochondria are thin, short, and scarce. Transverse 
Figure 10-2. Schematic representation of parts of a primary ending reconstructed from a cat tenuissimus spindle. The 
terminals shown are those supplied to the bag, (b,) and bag2 (b2) fibers and the longest and shortest chain (c) fibers 
(numbered 1 and 4). Each fiber is repeated alongside to show its myonucleation and thus demonstrate the relation 
between nucleation and innervation. Adjustments have been made to the original alignment of each muscle fiber relative 
tc> the others, mainly in order to position the center of each nuclear bag on a common midline and thus facilitate 
comparison between b, and b 2 terminal systems. Terminals shown in outline at bottom end of c4 belong to adjacent 
secondary ending. Asterisks alongside c terminals indicate positions of sensor)' cross-terminals with other c fibers. (Banks 
RW et al, Philos Trans R Soc Land 299:329, 1982.) 
50 urn 
1 
3 
a, 
V d cfi 
c4 c1 &1 6 2 
313 
j l 4 The Anatomy, Physiology, and Biochemistry of Muscle 
sections show the myofibrils to be poorly defined 
and tightly packed together so as to form a more or 
less continuous bundle, with the SR only occasion-
ally encountered at the level of the I and Z bands. 
Ghain fibers have the M type of ultrastructure, 
whereas, remarkably, the bag fibers are a mixture of 
both M and dM. In the bag] fiber the ultrastructure 
is dM in region A and most of region B, then 
c tanges to the M condition toward the outer end of 
region B. The sarcomere length is consistently 
longer than in the bag2 or chain fibers.2 2 In the bag2 
fi Der the condition is dM in region A, changing to 
M at level A / B . 2 2 , 2 3 Recent observations by us sug-
gest that the transition from M to dM is from a 
fi ve- to a four-line substructure, the middle line be-
ing lost. 
In the equatorial region the spaces in between the 
rryonuclei in the myotube regions and nuclear 
chains are full of sarcoplasm that contains many 
si nail mitochondria, ribosomes, Golgi complexes, 
and occasional lipoid droplets. Corvaja, Marinozzi, 
and Pompeiano31 describe how two or three chain 
fibers (presumably typical chains) may share the 
s£ me endomysial envelope in the equatorial and 
juxtaequatorial regions. Here and there they be-
come enclosed within a common basal lamina and 
zcmilne adhaereiites form between their closely ap-
posed surfaces. Microladders occasionally occur in 
both bag and chain fibers, usually situated near the 
surface in the sarcoplasm underneath axon termi-
nals. 
According to the descriptions of Cooper and 
Gladden 3 2 and Gladden, 2 4 elastic fibers are most 
numerous around the bag2 fiber and anchor the 
spindle at each end to the elastic-fiber network 
among extrafusal muscle fibers. In passing through 
the spindle, they travel alongside muscle fibers, or 
within intercellular spaces in the axial sheath, or 
between layers of the capsule. Recent observations 
by Banks j 2 a have revealed that the bag fibers have 
peglike projections on their surface over a length of 
300 to 400 ju.m on either side of the primary region 
(see Fig. 10-3). Each projection slants toward the 
equator and appears to serve as an anchoring point 
for an elastic fiber originating from the opposite 
pole. Such attachments must greatly enhance the 
elastic properties of the primary region. 
Histochemistry 
The histochemical profiles of intrafusal muscle fi-
bers are similar to those of extrafusal ones in that 
they vary according to fiber type but dissimilar 
in that they are subject to regional variation. The 
three fiber types—bag], bag2, and chain—differ in 
their glycogen content and in their profiles of the 
enzymes myofibrillar adenosine triphosphatase 
(ATPase*), phosphorylase, and nicotinamide adenine 
dinucleotide tetrazolium reductase (NADH-TR), 2 0 ' 2 2 ' 3 3 
among others. 
The technique most favored for demonstrating 
fiber type is that which stains ATPase, as it enables 
the types to be checked against the different stain-
ing reactions that follow alkaline or acid preincubat-
ion of the sections. As Kucera 3 3 has demonstrated, 
the profiles of the bag fibers show regional varia-
tion, but not those of the chains, and the optimum 
level for distinguishing between fiber types is mid-
region B (see Fig. 10-4). In transverse sections cut at 
this level the staining intensities for alkali-stable 
ATPase are low for bag], medium or high for bag2, 
and high for chains, whereas the staining for acid-
stable ATPase is low for bag], high for bag2, and low 
for chains. The three subtypes of chain fiber can be 
distinguished histochemically by staining for 
NADH-TR activity, which either increases (interme-
diate and typical chains) or decreases (long chain) 
from equator to pole. 3 3 
The enzyme profiles of intrafusal muscle fiber 
types are similar, but not identical, to those of extra-
fusal ones. In terms of the extrafusal muscle fiber 
types defined by Ariano, Armstrong, and 
Edgerton3 4 the nearest approximation would regard 
the bag] fibers as slow oxidative (SO) and the bag2 
and chain fibers as falling within the fast glycolytic 
(FG) and fast oxidative-glycolytic (FOG) types. In 
this context it is relevant to note that dynamic fi 
axons, which preferentially innervate bag] fibers, 
are branches of axons that innervate SO extrafusal 
muscle fibers 5' 3 5 (Fig. 10-7D) and that static fi 
axons, which preferentially innervate long chain fi-
bers, are branches of axons that innervate FG or 
FOG extrafusal muscle f ibers . 3 6 - 3 8 
Development 
Electron microscopic investigations of spindle de-
velopment in ra t , 3 9 , 4 0 mouse,4 1 and cat 4 2 , 4 3 have re-
vealed close parallels between intrafusal and extra-
fusal myogenesis. Both involve the sequential 
production of myotubes following a stage before 
innervation when myoblasts fuse to form primary 
myotubes in the muscle primordium. 
The generation of secondary extrafusal myorubes 
is dependent on innervation and the electrical or 
* A list of the abbreviations used in this chapter is given at the end 
of the chapter. 
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sec. t. 
10 
um 
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Figure 10-3. The attachment of elastic fibers in the juxtaequatorial region of nuclear-bag fibers is illustrated by longitudi-
nal sections through the Si region of the bag, fiber of a cat tenuissimus spindle. A. Toluidine blue-stained, 1-^ m-thick 
plastic section shows small projections on the muscle fiber surface, many pointing in the direction (large arrow) of the 
primary ending. The straight faintly stained fibers (small arrows) are elastic, sect. = terminal of secondary ending; 
in.caps- = inner capsule. B. Electron micrograph showing attachment of an elastic fiber (e.f.) to the basal lamina of the 
bag! fiber. The surface of the muscle fiber seems to be drawn out into small projections (such as those seen in (A) by the 
tension in the elastic fiber. At higher magnification a slight thickening of the plasmalemma is noticeable at these attach-
ment suites. 
contractile activity of the muscle. 4 4 They assemble 
and develop in close apposition to primary myo-
tubes so as to form multicellular muscle clusters 
from which they subsequently separate, each within 
its ow'n basal lamina, to form independent muscle 
fibers.!43"48 According to Milburn, 4 3 in cat peroneal 
musclje the sequential process of assembly, matura-
tion, a^ nd separation occurs so as to produce succes-
sive sjeries of secondary myotubes beginning with 
the separation of the first series at the 38 to 41 days 
fetal (flf) stage. Meanwhile, subsequent series have 
begun to assemble in association with primary myo-
tubes, and eventually these also separate, so that by 
birth (60 to 63 df) primary and secondary muscle 
fibers are distinguishable only where their separa-
tion from fetal muscle clusters is incomplete. Mil-
burn regards the pattern of spindle development as 
fundamentally similar to that of extrafusal fascicles 
and correlates the two processes as shown in Fig. 
10-5. Her account of the development of cat spindles 
in peroneal muscles may be summarized as follows 
(see also Reference 48a). 
By the 34 to 38 df stage, motor and sensory axons 
have grown into the peroneal muscle primordium; 
primary myotubes have begun to receive the termi-
nals of or motor axons; and secondary extrafusal 
myotubes have begun to assemble. Those primary 
myotubes that receive terminals from la afferents 
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will ultimately become intrafusal bag? muscle fibers. 
The Effects of this initial contact are to produce an 
accumulation of myonuclei beneath the sensory ter-
minals and to stimulate the formation of a thin cap-
sule that isolates the sensory region from neighbor-
ing extrafusal myotubes. Simple motor terminals are 
also present at this early stage, indicating that both 
la and motor axons arrive at the site of spindle for-
mation together. 
Th(!se pioneering axons initiate a sequential gen-
eration of secondary intrafusal myotubes, which 
develop in association with the primary myotube 
within a common basal lamina. Their assembly be-
gins beneath the la terminals which are in contact 
with the outer surface of the developing intrafusal 
bundle, and spreads toward the poles. As develop-
ment proceeds, the successive myotubes are shorter 
and thinner and contain fewer equatorial myonu-
clei, so that those formed last become the shortest 
and thinnest typical chain fibers in the mature 
spine le. At the 41 to 43 df stage the presumptive 
bag, nyotube (often accompanied by the long chain 
myotube when present) separates from the primary 
bag2 myotube and acquires individual la terminals. 
At the same time most of the nuclear-chain myo-
tubes assemble exclusively in association with the 
primary bag2 myotube from which they subse-
quently separate, often as a group. Sensory cross-
terminals between bag2 and chain myotubes are 
thereby lost but are retained between chain fibers in 
the mature spindle. 4 9 
Separation of the developing myotubes begins in 
the poles and spreads toward the equator, where 
the influence of the la afferent renders it incom-
plete. During separation, the la innervation is re-
modeled and the mature form of the primary ending 
is established. This probably gives rise to the post-
natal increase in size of the nuclear bags noted by 
Maier and Eldred. 5 0 As the intrafusal bundle devel-
ops, the capsule increases in girth and length, and 
the motor innervation increases in complexity. By 
birth, both plate and trail terminals are present. The 
periaxial space develops during the first two postna-
tal wjeeks. 
The intrafusal muscle fibers thus develop in the 
order bag2, bagi, long chain, intermediate chain, 
typical chains; and their equatorial position in the 
mature spindle 2 3 , 2 7 reflects the pattern of their as-
sembly and separation. According to Milburn 4 3 
spindle units that are linked in tandem (see Types of 
Spindle Unit, below) develop as a consequence of 
the synchronized multiple innervation of a single 
primary myotube by two or more la afferents. Each 
encapsulated sensory region then recruits its own 
population of secondary intrafusal myotubes, which 
either remains exclusive to its own capsule or be-
comes confluent with the intrafusal bundle of an 
adjacent spindle unit in a shared capsule. The ab-
sence of the bag] fiber from certain tandem spindle 
units (see Types of Spindle Unit) is seen as due to 
asynchrony in the time of arrival of separate la af-
ferents. That which arrives last innervates a primary 
bag2 myotube already engaged in spindle develop-
ment initiated by the first. The bag] fiber is excluded 
from the second unit because its polar separation 
from the primary bag2 myotube has already oc-
curred (see Fig. 10-5). 
CAPSULE AND VASCULAR SUPPLY 
The capsule is a lamellated structure that encloses the 
sensory innervation within a fusiform dilation and 
extends as a sleeve on each side to enclose part of 
each pole. The width of tenuissimus spindle cap-
sules at the equator is 100 to 150 fim where their 
walls are 10 to 15 ixm thick; their length usually falls 
within 2.0 to 4.0 mm and varies according to the 
number of sensory endings present.1' 
The capsule lamellae are composed of layers of 
thin flat cells arranged in concentric tubular fashion 
alternating with layers filled with collagenous fi-
brils. Each capsular sheet cell0^ is surrounded by a 
basal lamina and closely interdigitates with its 
neighbor to form a continuous layer one cell thick; 
regions of intimate contact between the cells have 
been described as zomilae adhnercntes.32 The outer-
most capsule layer is composed of thick collagenous 
fibrils and scattered fibrocytes. The innermost layer 
is composed of a lining of fibrocytes, some of which 
cross the periaxial space to join other cells of the 
same type that form the axial sheath and the endo-
mysial enclosures of the intrafusal muscle fibers. 
The capsular sheet cells are continuous with the 
cells that form the perineurium of the spindle nerve 
and, according to Low, 5 3 may confidently be 
equated with them. He regards the capsule as a 
modified extension of the perineurium and connec-
tive tissue sheaths (epineurium, endoneurium) that 
enclose the spindle nerve, and we agree with this 
interpretation. The endoneural connective tissue 
space in the spindle nerve is thus continuous with 
the periaxial space within the capsule, which is in 
turn continuous with the connective tissue space 
outside the spindle via the open end of each capsule 
sleeve. 
Tight junctions between capsular sheet cells3"1 act 
as a barrier to the diffusion of substances into the 
( 
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F igure 10-5. Schematic diagrams of transverse sections of developing extrafusal and intrafusal muscle fibers in cat 
peroneal muscles. In the extrafusal fascicle note how the first-series secondary myotube (stippled) separates from the 
primary myotube (black), acquiring its own basal lamina (stippled halo) before the assembly of subsequent series of 
secondary myotubes (white). The thin fusiform cells (hatched) are myoblasts. The diagrams of intrafusal muscle fibers 
si low how myotube assembly begins at the equator and spreads to the poles, in contrast to their maturation and 
separation, which begins at the poles and spreads to the equator. The column headed Insertion into Tendon shows the 
later arrival of a b 2c la axon as compared with a b]b2c la axon; it is shown innervating the primary bag2 myotube of a 
developing spindle and initiating the subsequent development of a b2c spindle unit (see types of spindle unit under 
Intrafusal Muscle Fibers, above) of a tandem spindle, a = alpha motoneuron; b] = bag] fiber; b 2 = bag2 fiber; bjb2c = 
developing b,b2c spindle unit; b 2c = developing b2c spindle unit; c = chain fiber; df = days fetal; ic = intermediate 
chain fiber; 1c = long chain fiber; tc = typical chain fiber; la = la axon. (Milburn A, } Embnjol Exp Morph 82:177, 1984.) 
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periaxial space, in the same way that the perineu-
rium acts as a diffusion barrier in peripheral nerves. 
Such junctions are presumably located in the inner 
layer ' of the capsule, since horseradish peroxidase 
(HRF) flooded directly onto the living spindle pene-
trate; > the outer layers but fails to enter the periaxial 
spac<!-55 After systemic injection of HRP, Dow, 
Shinji, and Ovalle 3 6 showed that, whereas passive 
flow of the tracer into the periaxial space was pre-
vented by the capsular cell tight junctions, there 
was some leakage into the poles through the open 
end of each capsule sleeve. The small amount of 
HRP actively transported across the capsular cells 
via cytoplasmic vesicles was phagocytosed by fibro-
cvtes in the axial sheath. 
j i 
The periaxial space is ful l of a highly viscous f luid, 
probably a thin mucopolysaccharide gel , 5 / which 
may contain macrophages. Following long-term 
deafferentation the space disappears or is greatly 
diminished. 5 8 The origin of the periaxial fluid and 
its fiinctions are uncertain. It may be that it is se-
creted by the sensory terminals as a contribution to 
their own metabolic insulation and mechanical pro-
tecti<?n. 
Ca'piHaries course for long distances between cap-
sule layers; they are invariably present in the 
periexial space of rabbit spindles 5 9 but only occa-
sionfilly so in those of cat. In rabbit tenuissimus 
spindles Miyoshi and Kennedy 6 0 have shown that 
ther£ is a short direct pathway from the main mus-
cle a rtery to the spindle capillaries, which are sepa-
rom those supplying extrafusal muscle and dif-
t from them in being larger and having 
cellular tight junctions. The capillaries supply-
ntramuscular nerve are similar, and HRP in-
jected intraaortically does not leak from either nerve 
or spindle capillaries, whereas it leaks rapidly from 
thos- supplying extrafusal muscle. 5 5 A blood/ner-
vouj-system barrier, therefore, obtains in both en-
dow !urial and periaxial spaces. 
rate 
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TYPE S OF SPINDLE UNIT 
Spin dies occur singly or may be variously combined 
in groups or intimately associated with tendon or-
gans- The functional significance of the single en-
capsulated receptor with its sensory and motor in-
nervation is sometimes stressed by using the term 
spindle unit- Spindle units may be linked in series as 
tandti'n spindles6'* or combined together in pairs in 
which the intrafusal bundles either remain sepa-
rately encapsulated or equatorially share a common 
capsiile. Richmond and her colleagues 5 2 - 6 4 have 
shovi'n that in cat neck and intervertebral muscles 
many spindle units are linked together in tandem 
and compound fashion to form spindle complexes, 
a type of organization so far previously observed 
only in the frog's extensor digitorum longus IV 
muscle. 6 5- 6 6 
The standard spindle unit is provided wi th one 
bag! fiber, one bag 2 fiber, and about half a dozen 
typical chain fibers. Variations of intrafusal comple-
ment occur wi th respect to the bag fibers and sub-
types of chain fiber. Some spindle units have three, 
rarely four, bag fibers. In a sample of spindles from 
various hindlimb muscles we identified the extra 
bag fibers from details of their sensory innervation 
as usually being bag] . 2 9 However, in a histochemical 
study of tenuissimus spindles Kucera 6 6" found that 
extra bag] or bag2 fibers were about equally common 
and that, more rarely, some were of mixed type. 
Absence of the bag] fiber occurs in certain tandem 
spindle units. In the early sixties Barker and I p 6 7 
observed that the most common tandem spindle in 
hindlimb muscles consists of a large and a small cap-
sule linked together by a single bag fiber, the small 
capsule being supplied with a markedly irregular 
primary ending. Later studies of the sensory inner-
vation of hindlimb spindles, 2 9 , 6 8 and the ATPase 
profiles of spindles in neck muscles, 6 3 established 
that the continuous bag fiber in such linkages is a 
bag 2 fiber and that it is the only bag fiber present in 
the small capsule. Here it is accompanied by a few 
typical chain fibers and usually has a single row of 
myonuclei instead of a nuclear bag. These one-bag 
spindles,63 or b2c spindle units , 2 9 typically insert into 
tendon. Their frequency among spindle units sam-
pled by Banks et a l . 2 9 from various hindlimb mus-
cles was 23.8 percent in extensor digitorum longus, 
23 percent in peroneus brevis, and 6 to 11 percent in 
the rest. In neck muscles Bakker and Richmond 6 3 
have found much higher frequencies of 45 percent 
in complexus and biventer cervicis and 33 percent in 
splenius. 
In one of Kucera's studies 2 ' of tenuissimus spin-
dles, long chain fibers occurred in 13.3 percent of 
spindle poles (» = 430), intermediate chain fibers in 
21.6 percent (H = 333). The frequencies of occur-
rence of these subtypes of chain fiber wi l l presuma-
bly prove to be highest in muscles whose spindles 
are known to have a high degree of /3 static innerva-
tion, e.g., peroneus tertius. 3 
NUMBER AND DISTRIBUTION 
The spindle density of a muscle is expressed in 
terms of the number of spindles per gram of the 
mean weight of the adult muscle. Densities based 
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on counts of spindle capsules are the most accurate 
and may also be regarded as estimates of la connec-
tions per gram. Generally speaking, high spindle 
densities characterize muscles initiating fine move-
ment (e.g., interossei) or maintaining posture (e.g., 
soleus); low densities characterize those initiating 
grjoss movements (e.g., gastrocnemius). Thus 
among cat muscles, the forelimb f i f th interosseus 
hajs a spindle capsule density of 119, soleus 23, and 
lateral gastrocnemius 5. 1 ' Slow muscles generally 
have higher spindle densities than fast, and spindle 
density is usually high in muscles that have many of 
their spindle units linked together in tandem or 
compound fashion. Thus among cat neck muscles 
occipitoscapularis, with mostly single spindle units, 
hals a spindle density of 16, whereas complexus, 
wijth a high proportion of spindle complexes, has a 
spindle density of 88. 6 2 In the cat intervertebral 
centrotransverse muscle, Bakker and Richmond 6 4 
found that low weight, combined with frequencies 
of [spindle complexes as high as 79 percent, gave a 
spindle density of 328, by far the highest at present 
recorded in mammalian muscles. 
i 
In many muscles the spindles are distributed 
wijthout restriction in close association with the 
nerve supply, but in others they are confined to cer-
tain regions because of various features of muscle 
design, as illustrated by the following examples. (1) 
In an extraocular muscle such as sheep superior rec-
tus the spindles are necessarily confined to the or-
bital layer of nontwitch muscle fibers because these 
contribute to the composition of the receptors as bag 
fibers. 6 9 (2) Some fast hindlimb rat muscles, e.g., 
medial gastrocnemius and plantaris, consist of a 
co e of mainly SO and FOG fibers surrounded by 
su Derficial fascicles of FG fibers. Spindle distribu-
tion is restricted to the core. 7 0 Similar core-restricted 
sp ndle distributions occur in certain cat neck mus-
cles, e.g., splenius (fast) and occipitoscapularis 
( S 1 D W ) . 6 2 , / 1 (3) Spindles in cat intervertebral and 
large neck muscles are distributed mostly in associa-
tion with tendinous inscriptions and within com-
partments created by t hem. 6 2 , 6 4 In the centro-
transverse muscle most spindles are distributed as 
spindle complexes in the ventrolateral region, 
wljere they are contained within a series of subsec-
tions, each with a different tendinous origin and 
insertion. 6 4"' 2 Some complexes span the whole in-
tramuscular length as tightly associated chains of up 
to 12 spindle units that appear to be aligned so as to 
monitor specific lines of pull on the muscle. 6 4 
Ijt is clear from the manner in which spindles de-
velop (see Development, under Intrafusal Muscle 
Fibers, above) that when a primary myotube is a 
target for contact by either motor or la axons, it is a 
matter of chance as to whether it develops into an 
extrafusal muscle fiber or a bag 2 intrafusal muscle 
fiber. The pattern of spindle distribution within a 
muscle must therefore depend on developmental 
control of the distribution of la axons among intra-
muscular nerve trunks. Example 1 above is, there-
fore, presumably achieved by restricting the distri-
bution of la axons to intramuscular nerve trunks 
that carry motor axons innervating nontwitch mus-
cle fibers. 
The presence of many spindle complexes in the 
cat complexus muscle, which raises the head, con-
trasts with the complete lack of them in occiptos-
capularis, which rotates the scapula,6 2 and is strik-
ingly paralled in the frog by the presence of similar 
spindle complexes in the fourth toe extensor and 
their absence from the sartorius and pectoral cuta-
neous muscles. 6 6 What is the functional significance 
of such variations in composition of spindle popula-
tions in different muscles? Banks et a l . 2 9 suggest 
that the high frequency of b2c units in the spindle 
population of complexus provides the high primary 
static sensitivity required by the muscle's antigrav-
ity function. In superficial lumbrical muscles they 
found that a low frequency of b2c units and second-
ary endings was associated with a high frequency of 
spindle units possessing more than one bag] fiber. 
They suggest that a high dynamic sensitivity wil l 
thus be achieved in the spindle population, and they 
relate this to the function that these muscles serve 
in carrying out finely adjusted movements of digits. 
SENSORY INNERVATION 
A study of the sensory innervation of cat hindlimb 
spindles published by Banks et a l . 2 9 describes the 
form of the terminals and their distribution to bag!, 
bag2, and chain fibers as studied by reconstruction, 
electron microscopy, and examination of teased sil-
ver preparations. This is the first detailed account of 
spindle sensory innervation in terms of its distribu-
tion to the three types of intrafusal muscle fiber and, 
unless otherwise indicated, what follows is based 
upon it. 
Primary Endings and Axons 
The primary ending terminates on the densely nu-
cleated equatorial parts of the intrafusal muscle f i -
bers (the nuclear bags, myotubes, and nuclear 
chains) and occupies a length of about 350 / im. The 
ending is annulospiral in f o r m , ' 3 and the terminals 
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consist of spirals, half rings, and a few complete 
rings. Spirals are more common and more extensive 
around chain fibers than bag fibers. The terminal 
systems supplied to bag fibers consist of a middle 
portion, in which the terminals are arranged mainly 
as regular transverse bands, and portions at each 
end', in which they are disposed as irregular forms 
in mainly diagonal and longitudinal configurations. 
Bagj terminal systems can be distinguished from 
those supplied to bag 2 fibers because they have 
more bands per unit length in the middle and more 
extensive irregular portions at each end (see Figs. 
10-2 and 10-6C). Primary endings supplied to b 2c 
spindle units are mostly irregular in appearance (see 
Fig. 10-6B). 
Reconstructions of two primary endings supplied 
to tenuissimus spindles showed that bag] terminal 
systems covered the largest amount of muscle fiber 
sur: ace, the proportional distribution of the total ter-
mir al contact areas being: bag] fibers, 33 and 37 per-
cent; bag 2 fibers, 25 and 24 percent; chain fibers, col-
lectively 42 (five chains) and 39 (four chains) 
percent, individually 5 to 12 percent. The dense in-
nervation of the bag] fiber is presumably adapted to 
generate a sufficiently large dynamic component in 
the receptor potential, as considerably more fibers 
(bag2 and chain) are involved in the static input. 
The reconstructions showed a close association 
between nucleation and innervation (Fig. 10-2), but 
no constant relation between number of myonuclei 
and terminal contact area. Sensory cross-terminals49 
occurred frequently in both endings. They were 
formed exclusively among chain fibers, a feature 
which, taken together with regions of close apposi-
tion between fibers of this type (see Ultrastructure, 
under Intrafusal Muscle Fibers, above), may be at-
tributed to their incomplete separation during de-
velopment (see Development, under Intrafusal Mus-
cle Fibers). These features correlate with the fact 
that chain fibers frequently contract as a group on 
fusimotor stimulation 7 4 and thus produce an effect 
on the primary response that is sufficiently power-
ful to drive it at the frequency of their own contrac-
tions up to about 60 Hz under suitable condit ions/ 3 
lljltrastructural studies of primary axon terminals 
(re\ Mewed by Barker 1 7) have shown that they lie in 
shallow grooves on the surface of the muscle fibers 
forming smooth myoneural junctions. They are not 
cohered by Schwann cells. In transverse sections 
they are cut into various shapes and may sometimes 
alnjiost completely encircle a muscle fiber in a horse-
shoe configuration. The terminals contain neurofila-
ments, microtubules, glycogen granules, mitochon-
dria, and a mixed population of vesicles. Degen-
erating mitochondria tend to accumulate toward the 
ends of the terminal systems. Dense-core, coated, 
and complex vesicles occur both in the terminals 
and in the sarcoplasm beneath them; the terminals 
also contain populations of large and small clear 
vesicles. 7 5 3 It is probable that these pre- and post-
junctional vesicles are engaged in neurosecretory 
processes that maintain the intrafusal muscle fibers 
and their equatorial nucleation. 
The primary axons that supply b]b 2c spindle units 
are generally thicker than those supplying b 2c spin-
dle units (see Fig. 10-7A). The manner in which their 
first-order branches distribute terminals to the three 
types of intrafusal muscle fiber is either segregated 
(bag] fiber supplied separately from bag 2 and chain 
fibers, thereby resulting in separation of dynamic 
and static inputs) or mixed. Segregated distributions 
are usual in tenuissimus, mixed in the superficial 
lumbrical muscles, but in most hindlimb muscles 
sampled by us neither type of distribution predomi-
nated. Mixing was usually restricted to the dynamic 
input and resulted from the bag] fiber sharing a sup-
ply of terminals with a few chain fibers. 
Quick, Kennedy, and Poppele 7 6 have shown that 
the sites for impulse generation in la axons are the 
heminodes, and some of the penultimate nodes, of 
the final branches. For la axons whose first-order 
branches have a segregated distribution there 
would presumably be separate dynamic and static 
pacemakers, and these have been demonstrated by 
Hulliger and N o t h . / / The spiking activity of the final 
branches of spindle afferents is presumably gener-
ated by receptor potentials produced by their termi-
nals. The transduction mechanism is a matter for 
speculation (see Input-Output Conversion, under 
Physiology, below). 
Secondary Endings and Axons 
Secondary endings terminate on one or both sides 
of the primary. The most we have seen on one side 
is five, and on both sides six. Each occupies a length 
of about 350 /am and is designated S],S2,S3, and so 
on, according to its position relative to the pri-
mary. 2 9 Most secondaries terminate next to the pri-
mary in the S] position, and the most common type 
of sensor)' innervation among cat hindlimb spindles 
is for the primary to be accompanied by one S] sec-
ondary (Fig. 10-6/4). Chain fibers are innervated in 
all secondary endings, but few secondaries are re-
stricted to chain fibers only; most are distributed to 
all three fiber types. Restriction of terminals to one 
or two fiber types is more prevalent among second-
aries terminating in the more polar positions. 
i 
I 
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Figure 10-6. Photographs and drawings traced from photographs of teased silver preparations illustrating features of 
the sensor}' innervation of spindles from cat hindlimb muscles. A. Sensory innervation of a bjb2c spindle unit from a 
superficial lumbrical muscle. The primary ending (P) is supplied by a la axon that has a mixed distribution, one first-
order branch supplying the bag] and bag2 fibers (b]b2 br.), the other supplying the bag2 and chain fibers (b2c br.). An S] 
secondary ending lies adjacent to it in the lower part of the figure. The equatorial dissociation of the b] fiber provides a 
clear view of its secondary innervation and primary terminal system (b] p.t.s.) with characteristic irregular terminals 
(i.t.). Asterisk denotes point where II axon divides to produce two first-order branches; the branch on the right gives rise 
to three preterminal axons, two of which travel downward to supply terminals to the bj and b 2 fibers, while the third 
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Figure 10-7. Histograms of fiber diameter for cat hind 
limb spindle afferents as measured in teased silver prepa-
rations. A. Comparison between the diameters of la 
axons supplying bib2c spindle units (unfilled columns; 
n = 213) and b2c spindle units (shaded columns; n =37). 
B. Comparison between the diameters of la axons supply-
ing b]ib2, and c fibers (unfilled columns; n = 213) and II 
axons supplying bi, b2, and c fibers (shaded columns; 
n = 224). (Modified from Banks RW et al, Philos Trans R Soc 
lond 299:329, 1982.) 
These features are explained in terms of develop-
ment as follows. Our data indicate that secondary 
axons are supplied to developing spindles in a ran-
dom fashion, as the frequency distribution of 258 
spindles that received different numbers of second-
ary endings was binomial. We suggest that the 
axon's are led to the developing spindles by contact 
guidance, growing down paths already established 
by the la axons. Studies of development 4 2 , 4 3 show 
that at the time they arrive the separation of myo-
tubes has started to spread from the poles to the 
equajtor. Thus the earliest secondary axon to reach 
any given spindle is most likely to terminate in the 
S] position on a bundle of interlocked myotubes and 
supply all three fiber types, whereas any that arrive 
later 
tions 
wi l l be obliged to terminate in more polar posi-
_ where the myotubes have already become sep-
arate and the innervation of only one or two fiber 
types is more probable. 
Secondary terminals supplied to chain fibers are 
annulospiral but generally thinner and more disper-
sed and irregular than those supplied to chain fibers 
in primary endings. When bag fibers are included in 
the innervation, their terminals are generally much 
more irregular and the bagi fiber usually receives 
fewer than the bag 2, often in the^form of sprays. The 
ultrastructure of the terminals is very similar to that 
of primary terminals. Cross-terminals occur be-
tween chain fibers and also between chain fibers 
and both types of bag fiber. 
The total terminal contact area of a reconstructed 
Si secondary ending was 32 percent less than that of 
the adjacent primary. The chain fibers received 75 
percent (individually 16 to 22 percent), the bag 2 fiber 
17 percent and the bagi 8 percent. Using NADH-TR 
staining, Kucera 7 8 reports that long-chain fibers re-
ceive less secondary innervation than other types of 
chain. The secondary innervation of bagi fibers ap-
pears to be of little functional significance. Stimula-
tion of dynamic fusimotor axons rarely increases the 
dynamic sensitivity of secondary endings 7 5 , 7 9 ; the 
particularly high dynamic sensitivity of most sec-
ondary endings in peroneus tertius reported by Jami 
and Petit 8 0 is not matched by an unusually extensive 
secondary innervation of bagi fibers in this muscle. 
Some hindlimb muscles have less secondary in-
nervation than others. In superficial lumbrical mus-
cles, for example, we found a Ia/II axon ratio of 
1:1.2, as compared with 1:1.8 in peroneus Iongus. 
Secondary axons terminating as endings are gen-
erally thicker than those terminating in more polar 
positions. There is considerable overlap between 
the intramuscular diameters of la and I I axons that 
innervate- all three types of muscle fiber (see Fig. 
10-7B). 
MOTOR INNERVATION 
Intrafusal Distribution of Motor Axons 
Analysis of the intrafusal distribution of motor 
axons has proved to be one of the most difficult 
problems in studies of the mammalian spindle. 
Some of the difficulties have arisen because the 
methods used either were incapable of resolving 
Figure 10-6. (Continued) travels upward to supply terminals to b 2 and c fibers. B. Sensory innervation comprising one 
primary and one Si secondary ending supplied to a b2c spindle unit from peroneus brevis. The b 2 fiber lacked a nuclear 
bag and was accompanied by three c fibers. C. Primary terminals supplied to bi and b 2 fibers in a superficial lumbrical 
spindle. Note difference in spacing of the bands encircling the regular portions of the b t and b 2 systems and also the 
characteristically irregular portions of the bi system. Arrows indicate preterminal axons that have been cut but which in 
the ending ran on to supply terminals to c fibers. Asterisk indicates position of a sensory cross-terminal with a c fiber. 
(Banks RW et al, Philos Trans R Soc Lond 299:329, 1982.) 
324 The Anatomy, Physiology, and Biochemistry of Muscle 
important details or led through artifact to false con-
clusions. Another difficulty has been that overlap-
ping variability occurs between any categories so far 
described, and this allows for a theory to be sup-
ported by an unwittingly biased selection of re-
sults, 
i 
Retrospect (1962-1982). The problems began with 
th'e recognition that intrafusal muscle fibers were 
not a homogeneous group but instead consisted of 
two types, the bag and chain fibers. In 1962 Boyd 2 8 
maintained that these were selectively innervated 
by y axons that differed both in diameter and mode 
ofj termination, the bag fibers being supplied by 
thick (-yi) axons with end plates, the chain fibers by 
thin (y 2) axons terminating as networks. Boyd's ob-
servations were made on teased gold chloride prep-
arations, and the axon diameters were measured 
close to the spindles. Although he illustrated several 
discrete y 2 endings, Boyd chose not to describe 
them as end plates "to avoid confusion with the typ-
ical end-plates of yi nerve fibers." 
Meanwhile Barker and Cope, 8 1 on the basis of re-
constructing a number of spindles from silver-
stained, serial, transverse sections, confirmed that 
there were thick and thin y axons at spindle entry, 
but they could find no correlation between axon di-
ameter and type of muscle fiber innervated and con-
cluded that all fusimotor axons terminated as plates. 
However, Boyd's dual model of the spindle catered 
admirably for the operation of the two functionally 
distinct types of y axon that had just been estab-
lished by Matthews, 2 and this model was generally 
accepted until well into the seventies.8 2 
Histological evidence of separate groups of stem 
axons for the y^ and y2 innervation would have pro-
vided powerful support for the dual model, and 
Bo|yd and Davey S 3 showed that there were candi-
dates for these in some muscle nerves. But Adal and 
Barker 8 4 were able to show, in teased osmium prep-
arations, that there was no correlation between the 
diameters of y-stem axons and their terminal 
branches, "no more than exists between the thick-
ness of the twigs of a tree and the girth of its 
t runk ." 8 3 Nevertheless, the concept of two types of 
fusimotor innervation derived from separate y 
axons persisted and continued to be supported by 
physiological evidence. An important consequence 
of the method used by Adal and Barker 8 4 was the 
histological demonstration of a "mixed" skeleto-
fusimotor (now called /3) innervation for which con-
vincing physiological evidence had recently been 
provided by Bessou, Emonet-Denand, and La-
porte. 3 As osmium stains only myelin, no informa-
tion was obtained on the form and location of the 
intrafusal /3 terminals. 
Barker and his colleagues were now using teased 
silver preparations, and one of the first results ob-
tained with this technique 8 6 was a description, in 
1965, of the y trail innervation, 8 so called because of 
the characteristically long distances traveled by the 
preterminal axons. This clearly corresponded with 
Boyd's 2 8 y 2 network, but trail endings differed from 
y 2 endings in not being connected together in a net-
work and not being restricted to chain fibers but dis-
tributed to bag fibers, chain fibers, or both. In the 
following year Barker9 reported that, in addition to 
the trail innervation, two types of end plate could be 
identified, which he designated as pi and p 2 . The pi 
plate was sometimes seen to be supplied by a 
branch of a /3 axon and was described as similar in 
all respects to an extrafusal end plate; the p 2 plate 
was a much longer and more elaborate ending that 
lacked a nucleated sole plate and Doyere eminence. 
After nerve section, pi plates and extrafusal plates 
degenerated simultaneously, whereas p 2 plates and 
trail endings persisted for a further 24 to 36 h. The 
pi plates were seen more frequently on bag than on 
chain fibers, but the p 2 plates were described 1 0 as 
more or less equally distributed to both bag and 
chain fibers. 
In a detailed account of these findings published 
in 1970, Barker, Stacey, and A d a l 8 7 gave the bag/ 
chain ratio of the plate innervation as pi 75/25, p 2 
90/10. Though bag fibers were occasionally seen to 
lack trail endings, it was concluded that the trail in-
nervation was completely nonselective in its distri-
bution and that most chain fibers received trail end-
ings only. The axons that supplied pi plates were 
shown mostly to measure below 2.0 fim in diameter 
and to have a diameter range comparable to that of 
the terminal branches of skeletomotor axons, 
whereas those axons that supplied p 2 plates mostly 
measured above 2.0 /j.m in diameter and were 
among the largest motor axons to enter the spindle. 
The pi innervation proved to be widespread in the 
hindlimb muscles studies, rendering it improbable 
that the presence of a skeletofusimotor innervation 
in mammals was a vestigial feature as had been sug-
gested. 3 , 8 8 Indeed, it was argued that the high fre-
quency of the pi innervation found in flexor hallucis 
longus made it unlikely that it could all be supplied 
by the collaterals of slow-conducting skeleto-
fusimotor axons and indicated that fast axons of this 
kind also contributed. 
At this time the identification of y static and y 
dynamic axons with specific fusimotor axons inner-
vating bag, chain, or both types of fiber was still 
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largely a matter for speculation. It seemed safe to 
identify /3 axons, which had been shown to have a 
dynamic action, 3 as those supplying the p } innerva-
tion; and if the case, based on circumstantial evi-
dence, for identifying y static axons with trail axons 
v|vas accepted, then by inference y dynamic axons 
were those that supplied the p 2 plates (see Barker 8 9 
and Barker et a l . 8 7 ) . According to Barker et a l . , 8 7 the 
fact that the intrafusal distribution of motor axons 
was nonselective implied that an intrafusal muscle 
fiber, like an arthropod muscle fiber, could contract 
in different ways according to the type of motor 
ending initiating the contraction. This has proved 
not to be so, but at the time it seemed the most 
plausible way of reconciling nonselective innerva-
tion wi th the known physiology. 
I B o y d 8 8 , 9 0 and Matthews 8 2 accepted that there was 
some nonselectivity in the distribution of the trail 
innervation but did not consider it to be of any func-
tional importance. Such a view became increasingly 
untenable in the light of convincing evidence ob-
tained from various histophysiological experiments 
conducted in the earlv seventies. The first of these, 
I * 
carried out by Barker, Emonet-Denand, Laporte, 
Proske, and Stacey,91 entailed the isolation of single 
y static axons innervating tenuissimus by cutting all 
other motor axons supplying the muscle and allow-
ing a few days for them to degenerate. Subsequent 
examination of the terminals of the surviving static 
axon in teased silver preparations revealed that they 
were trail endings and that they were most fre-
quently distributed to both bag and chain fibers. In 
another series of experiments on tenuissimus, car-
ried out by Barker, Bessou, Jankowska, Pages, and 
tacey,9 2 procion yellow dye was injected electro-
horetically into intrafusal muscle fibers impaled by 
inicroelectrodes and activated by single y static 
axons. The types of muscle fiber impaled were then 
determined by fluorescence and electron micros-
jcopy; they proved to be either bag or chain fibers. In 
one experiment, two muscle fibers activated by the 
same y static axon were impaled and injected in one 
pole of a spindle; one proved to be a bag fiber, and 
[the other a chain fiber (see Fig. 10-8C). Finally, 
Brown and Butler, 9 3 using the glycogen-depletion 
•technique, showed that prolonged stimulation of 
single y static axons depleted glycogen in both bag 
'and chain fibers. This result led Brown to withdraw 
his previous suggestion 9 4 that the terminals on the 
bag fiber might not be functional. 
| Meanwhile the nonselectivity of y static innerva-
tion was also being demonstrated in experiments 
that involved direct observation of the effects of fusi-
motor stimulation on intrafusal muscle fibers. 
i 
! 
Bessou and Pages95 found that of 38 y static axons 
stimulated, 15 elicited visible contractions in bag f i -
bers, 11 in both bag and chain fibers, and 12 in chain 
fibers only. In similar experiments Boyd, Gladden, 
McWilliam, and Ward 9 6 found that of eight y static 
axons, four activated chain fibers only, whereas the 
rest produced "some movement in one of the nu-
clear bag fibers . . . in addition." 
A crucial observation made by Bessou and 
Pages95 was that a y static axon never activated the 
same bag fiber that could be activated by a y dy-
namic axon. The significance of this important f ind-
ing seems to have been largely unheeded at the 
time, perhaps partly because of the confusion there 
was then about identifying two types of bag fiber. 
There were also some reservations about the obvi-
ous difficulties of interpretation in the cinemato-
graphic analysis of intrafusal contractions in living 
spindles. For example, as late as 1975, Boyd and 
Ward 9 7 maintained that both bag fibers were acti-
vated together in 40 percent of the tenuissimus spin-
dles observed by them, though a year later Boyd 7 4 
withdrew this claim. 
As the recognition of two types of bag fiber be-
came firmly established in the mid-seventies on his-
tological grounds, 2 1 , 2 2 controversy about their selec-
tive motor innervation replaced that which had 
concerned bag and chain fibers. It was now gener-
ally agreed that bag, fibers were responsible for 
dynamic actions and that bag 2 and chain fibers were 
responsible for static actions. This had become evi-
dent from more cinematographic analyses of intra-
fusal contract ions 9 8 , 9 9 , 1 0 0 and further glycogen-de-
pletion s tudies 1 0 1 , 1 0 2 
It was clear that in most spindles dynamic axons,' 
y or /3, exclusively innervated the bag] fiber and that 
such axons seldom supplied other types of fiber. In 
tenuissimus the combined results of glycogen-de-
plet ion 1 0 2 and procion-yellow 1 0 3 experiments indi-
cated that y dynamic axons activated bag 2 or long 
chain fibers, in addition to the bagi fiber, in about 
one in every four or five spindles. Glycogen-deple-
tion experiments on fi dynamic axons 3 3 showed that 
these had a very similar distribution (see Fig. 
10-8D). 
What was not clear was whether the bag] fiber 
could also be activated by y static axons. Glycogen-
depletion studies indicated that there was such acti-
vation, the frequency of bag] depletions produced 
by stimulating single y static axons being about 50 
percent in tenuissimus. 9 3 ' 1 0 2 Moreover, experiments 
by Emonet-Denand, Laporte, Matthews, and 
Petit, 1 0 4 in which they surveyed the effects on the 
primary-ending response of stimulating single y 
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Figure 10-8. A-C. Transverse sections (10-15 fim thick) of cat tenuissimus spindles showing fluorescence 
of muscle fibers injected with procion yellow following recording of their membrane potentials on activation 
by single static y axons. In (A) the muscle fiber is a chain fiber from which an action potential was recorded; 
in (8) it is a bag2 fiber from which a junctional potential was recorded. In (C) two fibers that were activated by 
the same static y axon were impaled and injected; the large fiber is a bag2 fiber from which a junctional 
potential was recorded, whereas the small fiber is a chain fiber from which an action potential was recorded. 
(Barker D et al, C R Acad Sci (Paris) 275:2527, 1972.) D. A 10-jnm frozen transverse section of a cat peroneus 
brevis muscle stained for glycogen (PAS method) following repetitive stimulation of a single dynamic /3 
axon (conduction velocity 77 m/s) to produce glycogen depletion. Asterisks indicate depleted extrafusal muscle 
fibers and a depleted bagi fiber in the muscle spindle in the lower right quadrant. Histochemical tests applied 
to adjacent sections showed that the extrafusal muscle fibers were of the slow oxidative type. (Barker D et al, 
} Physiol 266:713, 1977.) 
axons during stretch, lent support to this conclu-
sion. They recognized categories of response inter-
mediate between "pure" static and "pure" dynamic 
and showed that these could be mimicked by mix-
ing the effects produced when stimulating two y 
axons supplying the same spindle, one purely static 
and the other purely dynamic in action. They con-
cluded that 33 percent of the responses from pero-
neus brevis spindles to single y axon stimulation 
were produced by an admixture, in various propor-
tions, of static and dynamic actions. Though less 
than might be expected from the frequency of the 
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glycogen depletion of bagi fibers by y static stimula-
tion in tenuissimus, this compared well wi th the 38 
percent of such depletions subsequently found 
peroneus brevis spindles by Emonet-
Denaikd, Jami, Laporte, and Tankov. 1 0 3 Neverthe-
less the matter remained in doubt because dynamic 
bag fibers could not be seen to contract in response 
to y static s t imulat ion. 9 8 ' 1 0 0 
A direct histological approach was once more re-
quired. Since y static axons terminate as trail end-
ings, were trail endings to be found on bag] fibers? 
The glycogen-depletion results 1 0 2 for tenuissimus 
suggested that they should be and that virtually 
everyjbag] fiber should receive them. However, re-
constructions of 3'/2 tenuis^irnus spindles made by 
Banks 1 0 6 , 1 0 ' from serial l-jum-thick transverse sec-
tions did not reveal a single example of an ending or 
supplying axon that was both typical of trail inner-
vation and distributed to a bag] fiber (Fig. 10-9). 
Such reconstructions could feasibly be made of only 
a f e w i spindles, but fortunately they revealed con-
sistent features of sensory innervation that enabled 
bag] and bag 2 fibers to be identified with confidence 
in larger samples of teased silver preparations. The 
frequency of bag] trail innervation in such prepara-
tions yvas found by Barker and Stacey 1 0 8 to be 8 per-
cent in tenuissimus and 17 percent in peroneus 
brevis, much less than the glycogen-depletion re-
sults had indicated. These results indicate that in-
nervation by y static axons, as by y dynamic axons, 
is only occasionally nonselective. This implies that 
the variability of the static response is largely the 
result of the activation of bag 2 and chain fibers, ei-
ther e n their own or in various combinations in one 
or both poles of a spindle, with the additional acti-
vation of the bag] fiber making only an occasional 
contr bution. 
It is clear that the glycogen-depletion technique 
produces some activation of the bag] fiber that is 
nonneural; this could either be a stretch-induced 
contrac t ion, 1 0 9 , 1 0 9 a or some physicochemical factor, 
e.g., accumulation of potassium ions liberated from 
contracting bag, and chain f ibe r s . 1 0 8 ' 1 0 8 3 With this 
exception, it has proved an excellent method for 
mapping the intrafusal distribution of motor axons. 
This was illustrated, for example, when it became 
evident that fast /S axons (above 85 m/s) were in-
volvejd as well as slow (40 to 85 m/s), 3 6 as had been 
predicted from studying teased silver preparations 8 7 
(discussed earlier in this section). Glycogen-deple-
tion studies showed that fast /3 axons selectively 
deplete long chain fibers, 3 6 are static in action, 3 ' 3 8 
and are seldom supplied to the same spindle as slow 
(5 axons. 3 , 3 7 The existence of jS static axons had ear-
lier been revealed in rabbit 4 and ra t 1 1 0 spindles. In 
rabbit spindles the disposition of the pi innerva-
t ion 1 9 suggests that they selectively activate the bag 2 
fiber. 
The present picture. It is useful to summarize the 
present view of how motor axons are "wired up" in 
a typical cat hind limb spindle (see Fig. 10-1E and F). 
Inevitably the view is based on tenuissimus because 
most is known about spindles in this muscle. The 
following is derived from data obtained by serial 
transverse-section analysis 1 0 6 1 0 7 ' 1 1 1 and chronic 
degeneration experiments. 9 1 
A tenuissimus spindle usually contains one bag[ 
fiber, one bag 2 fiber, and four typical chain fibers. 
Each bag-fiber pole receives two to three motor end-
ings, whereas each chain-fiber pole receives one. 
The endings are located mostly on the polar half of 
each fiber nearest to the primary ending, except 
within 0.3 mm from the equator (Fig. 10-10). End-
ings on the bag fibers may occur anywhere within 
this region, whereas those on the chains tend to be 
midpolar. Each pole of the bag] is innervated by a 
single axon, /3 or y (only one in four axons innervat-
ing bag] fibers supply both poles); and each pole of 
the bag? fiber is innervated by two to three axons, at 
least one of which also innervates chain fibers. The 
chain fibers in each pole are supplied by two axons, 
each chain-fiber ending being supplied by an axon 
that also innervates other intrafusal muscle fibers. 
About one in four y static axons operates both poles. 
Of the branches of y static axons entering spindle 
poles in our sample, half supplied bag 2 and chain 
fibers, a quarter chain fibers only, and a quarter bag 2 
fibers only. As the motor unit of each y static axon 
includes both bag 2 and chain fibers, the activation of 
a bag 2 fiber alone in one spindle is accompanied by 
chain-fiber activity in others. Motor axons entering 
spindle poles to supply bag] and either or both the 
other fiber types are rare. In our total sample of 65 
axons only 3 (5 percent) did so. 
Based on the above data, the fusimotor innerva-
tion ratio for tenuissimus may be calculated as fol-
lows. We may assume a spindle content of 15 1 1 2 
supplied by 21 y axons 8 3 of which, on the basis of 
a ystatic/y dynamic ratio of 6: l , 1 0 0 we may regard 18 
as static and 3 dynamic. Assuming that the distribu-
tion of 75 endings to 30 bagj-fiber poles is shared 
equally between y dynamic and /3 dynamic axons, 
the 3 y dynamic axons wil l innervate 15 bagj-fiber 
poles, each supplying 12 to 13 endings to 5 bagj-
fiber poles. Similarly, as the 18 y static axons wi l l 
distribute 75 motor endings to 30 bag2-fiber poles, 
and 1 ending to each of 120 chain-fiber poles, a sin-
gle y static axon wi l l distribute 11 to 12 endings to 
1.7 bag2-fiber poles and 7 chain-fiber poles. Com-
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Figure 10-10. Scatter diagram showing locations of motor endings on bagt, bag;., and chain fibers. Each ending is 
represented by a symbol plotted as the distance of the ending from the equator against the length of the muscle fiber 
pole on which the ending occurred. Almost all the endings were located at sites less than half the polar length (shown 
by the sloping line) from the equator. Overlap between the endings on bag and chain fibers is probably exaggerated 
owing to different preparation techniques used. (Data on bag fibers from Kucera }, Histochemistry 67:291, 19S0; on chain 
fibers from Banks RW, ] Anat 133:571, 1981.) 
pared with most skeletomotor innervation ratios 
these are remarkably low but are nevertheless in 
line wi th Adal and Barker's 8 4 results for the cat's 1st 
deep'lumbrical muscle. They arrived at a ratio of 1 y 
or /3 axon to 9 intrafusal-fiber poles and calculated 
the skeletomotor innervation ratio to be 1:300. 
Since the numbers of spindles 1 1 3 and y axons 8 8 
are known for several hindlimb muscles, their fusi-
motdr innervation ratios can be calculated on a simi-
lar basis, providing that probable figures are used 
for the average number of intrafusal fibers per spin-
dle. Assuming this figure to be 6, as in tenuissimus, 
the number of intrafusal-fiber poles supplied by 
each y axon in flexor digitorum longus, flexor hallu-
cis longus, gastrocnemius medialis, semitendinosus, 
soleus, tibialis anterior, and tibialis posterior would 
range from 4 to 6 (average 5); the number for ten-
uissimus is 8.4. Assuming the figure to be 8, the 
number would range from 5.3 to 8.0 (average 6.7). 
The main factor to vary in the motor innervation 
of spindles in different muscles is the amount of 
/3 innervation. As judged by the proportion of spin-
dle poles innervated by axons terminating as p i 
plates, the frequency of /3 innervation is high in 
flexor hallucis longus (73 percent), peroneus ter-
tius (59 percent), and soleus (56 percent), but low 
in peroneus longus (21 percent). Estimates based 
on the physiological identification of /3 axons 
indicate that 50 percent of the spindles in pero-
neus tertius receive a /3 innervation and that one-
third of the /3 axons supplied to this muscle are 
dynamic and two-thirds static.5 In tenuissimus, a 
glycogen-depletion study 3 7 showed that /3 axons 
(about half dynamic, half static) supply at least 
40 percent of the spindles. Some distal muscles 
of the rat's tail contain spindles that lack any y in-
nervation and are activated entirely by /3 axons, dy-
namic and s tat ic . 1 1 0 ' 1 1 4 
Figure 10-9. Schematic representations of the innervation of two cat tenuissimus spindles reconstructed from serial 
l-/xiri-thick transverse sections. Single asterisk in GS9 indicates uncertain identification of this motor axon and ending; 
double asterisk in GS12 indicates possibility that this axon may be dynamic y rather than dynamic (3 as shown. (Banks RW 
et al, jin Taylor A, Prochazka A (eds): Muscle Receptors and Movement. London, Macmillan, 1981, pp 5-16.) 
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The most recent work on the motor innervation of 
ra-t spindles 1 1 4 3 has shown that the amount of non-
selective innervation is much higher than in cat 
spindles. For example, a considerable number of 
axpns innervate both types of bag fiber. This is a 
salutary warning against thinking of spindles en-
tirely in terms of those in the cat's hindlimb. 
The Form of Intrafusal Motor Endings 
' Barker et al. in 1970,8 7 was based on an analysis 
silver preparations that was mainly concerned 
The classification of intrafusal motor endings into pi 
and p-, plates and trail endings, described in detail 
by 
of 
with distinguishing differences in presynaptic fea 
tures such as the location and form of the axon ter-
minals and the diameter and mode of branching of 
the supplying axon. It was shown that the three cat-
egories could further be distinguished by their dif-
ferent rates of degeneration after nerve section; and 
chronic degeneration experiments, designed to iso-
late single surviving motor axons, later demon-
strated that y static axons terminated as trail end-
ings 9 1 and /3 axons as pi plates 1 1 5 (see Fig. 10-11). 
This classification has proved to be valid and useful 
and has recently been revised and restated by our-
selves in terms of endings distributed to three types 
of .intrafusal muscle fiber and subtypes of chain 
f i b e r . 1 1 5 a - 1 , 5 b 
When postsynaptic features are considered, intra-
fusal motor endings do not fall into categories that 
correspond with plate (pj and p 2 ) and trail endings. 
Barker et a l . 8 7 initially maintained, on the contrary, 
that each type of ending could be distinguished ul-
tra; tructurally by its degree of postsynaptic folding, 
but further observations by Barker's group led them 
to discard this view and to suggest that postsynaptic 
folcjing might instead be related to muscle fiber type 
and distance from the equator. 2 3 
Recent studies by Barker et a l . , 1 0 3 Kucera, 2 5 , 3 3 , 
n 6 - | 1 / and Banks 1 0 7 , 1 1 8 provide evidence in support 
of this. Ultrastructural complexity, in terms of 
prominence of sole plate and degree of postsynaptic 
folding, tends to increase in endings on bag,, bag 2, 
and chain fibers, respectively. 1 0 / This gradation is 
matjched by the cholinesterase (ChE) content of the 
endings, there being a parallel increase in the den-
sity and thickness of the ChE reaction product . 1 1 6 
The factor of distance from the equator, or primary 
ending, appears to operate regardless of fiber type 
such that the greater the distance, the higher the 
ChE content of an ending 1 1 7 and the more deeply 
embjedded it is into the surface of the muscle 
f iber . 1 1 8 It follows that the terminals of an ending 
supplied to a long chain fiber in region C should 
mostly be deeply embedded in a prominent sole 
plate that has considerable postsynaptic folding. 
Kucera 1 1 9 recently demonstrated this to be so, thus 
incidentally confirming the original description by 
Barker et a l . 8 7 of the ultrastructure of a pj plate on 
chain fibers. 
Into this scheme of things Boyd, Gladden, McWil-
liam, and W a r d 1 0 0 and Arbuthnott, Ballard, Boyd, 
Gladden, and Sutherland 1 2 0 recently introduced the 
idea that there are, in fact, two types of y static axon 
that preferentially innervate bag 2 fibers and chain 
fibers, respectively. The ultrastructure of the myo-
neural junctions formed by these axons is de-
scribed, 1 2 0 and they are all called plates. Both types 
of axon are said to innervate chain fibers. One, 
mainly distributed to bag 2 fibers, supplies terminals 
that lie superficially on the muscle fiber surface as 
mtt plates, whereas the other, mainly distributed to 
chain fibers, supplies terminals deeply embedded in 
the muscle fiber surface as mc plates. Our own 
s tudies 1 1 8 , 1 1 8 3 have clearly demonstrated that the 
extent to which motor axon terminals are embedded 
in intrafusal muscle fibers increases with greater dis-
tance from the primary ending, irrespective of fiber 
type. The evidence put forward by Arbuthnott et 
a l . 1 2 0 for the existence of the m c plate rests mainly 
on the distribution of five such plates to typical 
chain fibers by a y static axon in one pole of a tenuis-
simus spindle. One other such plate in another 
spindle is acknowledged by them to have been sup-
plied by a y dynamic axon, and two others in a fur-
ther spindle are located on long chain fibers and 
were presumably supplied by a /3 static axon. We 
doubt whether this adds up to a valid case. 
AUTONOMIC INNERVATION 
Until recently it was widely held that skeletal mus-
cle fibers are not innervated by sympathetic axons. 
It was acknowledged that such axons enter muscle 
spindles, but opinion was divided as to whether 
they supplied a vascular or nonvascular innerva-
tion. In 1981 Barker and Saito 1 1 demonstrated une-
quivocally that an autonomic innervation is distrib-
uted to some extrafusal muscle fibers and that it also 
has a nonvascular presence in some spindles. Ear-
lier claims made in favor of an intrafusal autonomic 
innervation by Banker and G i r v i n 1 2 1 and Santini and 
Ibata 1 2 2 were thus substantiated and an observation 
by Ballard 1 2 3 confirmed. 
Barker and Saito 1 1 made most of their observa-
tions on cat hindlimb muscles deprived of their 
somatic innervation by degenerative spinal-root sec-
tion and then prepared for fluorescence microscopy, 
silver staining, or electron microscopy. They found 
5 3; C5 
be-j- m x IH 
«>x> <u c c Js. 
D-S"gui 
5 o t - v s 
c £ = 
G m o> > g 
re 
O 
j : 
u C 
ca 
u Xi 
re 
TJ r_" CO 
— ^ <-> +-
01 in -oi ^ 
t3 J= _ 
C ** « 
( 3 ' 
O Q 
4 1 i -
§ « 2 ^ a § 
TJ « C •£ 
" p £ Si <u = 
" 0) > U (o 
« 5 4? £ £ 
•o 
•~ ^ c 
w i w - -
"3 E 3 <o c u 
s u o -t: 3 v*-
r U C E TI , , 
5 « ^ | ° S 
co > ^ D - « E 
u - to n w -
in !** 60 ra 
ra CO c ~ 
g 3 X 5 * 
s i s - s e a 
9-E J ra 
in 
C o •a ta 
u 
ra 
Du 
0> 
c t 3 | x <e -F. x 
01 
C 
o 
5 o 
01 S § 
01 
B.g E 
'3 y o 
c 
o 
ra ~ £ -a 
i - c 
0 « co 
01 .= k 
c -a aj 
o 01 s> 
.« o 5 .5 <=-c — -n 3 -•a = = 
( i u n 
oi !r, 
i * - 0> 
ra a" W> 
> ra 
c T3 o 
en bO O ^ 2 S 
.5 
5 § .£ -a a. 
E c ™ -S -
S 5 £ g-E *• 
01 C co — 73 Jb> 5 O u -o Oj Q. r* X tu C cn 
3 
332 The Anatomy, Physiology, and Biochemistry of Muscle 
in.m.f. 
ex.m.f 
sp.c. 
sp.n 
caps 
o o o 
m.sp 
a 
M > i n 
»11 id ! • • : • • • 
i'1111 
i 11«i 
• 11 
I . I 
Figure 10-12. Schema of the noradrenergic autonomic innervation of cat skeletal muscle. The distribution of the 
varicosities of two noradrenergic axons is shown. Note varicosities among both intra- and extrafusal muscle fibers as 
well as those lying between arteriole and muscle fiber, a = artery; a' = arteriole; caps. = capsule; ex.m.f. = 
extrafusal muscle fibers; in.m.f. = intrafusal muscle fibers; m.sp. == muscle spindle; sp.c. = spindle capillarv; 
sp.n. = spindle nerve; t.o. = tendon organ. (Barker D, Saito M, Proc R Soc Lond 212:317, 1981.) 
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that autonomic axons were not supplied to all spin-
dles; in the muscles sampled the proportion of spin-
dles receiving autonomic axons was highest in the 
lumbricals (65 percent) and lowest in peroneus 
brevis (8 percent). They were absent from 18 tendon 
organs examined. Fluorescence microscopy re-
pealed a noradrenergic innervation distributed to 
some spindles by axons supplied either through the 
spindle nerve or f rom nearby perivascular nerves, 
yh ich they left to enter the equatorial and polar re-
gions at various points. Branches of perivascular 
axons were also occasionally seen ending among 
extrafusal muscle fibers (Fig. 10-12). It was impossi-
ble to determine whether any noradrenergic axons 
\jvere exclusively distributed to spindles or extrafu-
sal muscle fibers. 
On the basis of the vesicle content of varicosities 
examined by electron microscopy, the extrafusal 
innervation was identified as noradrenergic (32 
axons traced) and the spindle innervation as involv-
ing noradrenergic, cholinergic, and nonadrenergic 
axons (14 traced). Varicosities were located within 
the capsule lamellae, inside the periaxial space, and 
in neuroeffective association with intrafusal muscle 
fibers (without preference for fiber type) in regions 
B and C. 
Physiology 
THE SPINDLE AS A RECEPTOR 
I riput-Output Properties 
When a ramp-and-hold stretch is applied to an 
adapted, deefferented spindle, the primary ending 
fires a short, high-frequency burst of impulses at the 
start of the ramp, and this is followed by a more or 
less steady increase in the rate of firing until a peak 
is reached at the end of the ramp. During the held 
phase there is an initial adaptation, rapid at first, 
then slower, until a new maintained level of firing is 
reached. The relation between this static firing level 
and the extension of the muscle is approximately 
linear and has been called length, or position, sensitiv-
j ' ( y S 2 ' 1 2 4 (see Fig. 10-13). As the velocity of stretch 
increases, the frequency of the initial burst becomes 
higher and the slope of the response during the 
rump becomes steeper, leading to higher peak rates 
at the end of the ramp. However, stretch velocity 
does not affect length sensitivity, so that the differ-
ence between the peak rate and the adapted rate at 
some arbitrary later time (0.5 s in the case of the 
widely used dynamic index) is some measure of the 
dynamic response of the ending. Thus for an ending 
with low dynamic sensitivity, or one in a muscle 
stretched at a low velocity, the slope of the dynamic 
response closely corresponds to the length sensitiv-
ity (indeed Boyd 7 5 uses the term length sensitivity 
to mean the slope of the dynamic response). A l l 
these features are recognizable in secondary end-
ings, although the initial burst and dynamic re-
sponse are usually much less well developed (see 
Fig. 10-14). 
The effects of motor stimulation (/3 or y) on the 
primary-ending response depend on the rate of 
stimulation and the type of muscle fiber activated 
(see Figs. 10-14 and 10-15). Stimulation of a dynamic 
axon activates the bag] fiber and produces an in-
crease in the static firing level, though not in the 
length sensitivity. When a ramp-and-hold stretch is 
applied in addition, the initial burst is abolished and 
the slope of the dynamic response is increased. 
Stimulation of a static axon under these conditions 
activates the bag 2 fiber, or chain fibers (long chain 
only if /3 static), or both, and again there is an in-
crease in the static firing level and the initial burst is 
abolished. In this case, however, the slope of the 
dynamic response is usually unaffected so that, al-
though the actual dynamic response remains con-
stant during static stimulation, the dynamic index is 
usually reduced. Moreover, stimulation of some y 
static axons increases the length sensitivity, an ef-
fect that can usually be produced when several y 
static axons supplying the same spindle are stimu-
lated together. 1 2 5 This effect may be attributed to the 
mechanical properties of the bag 2 fiber or the chain 
fibers; the bag 2 fiber is strongly implicated by the 
finding that the effect is fatigue-resistant, whereas 
other effects of static stimulation are no t . 1 2 6 The ef-
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Figure 10-13. Length sensitivity of a spindle afferent 
unit, probably a secondary ending, shown by the slope 
(18 imp/s per mm) of the adapted firing frequency against 
muscle length. Maximum physiological length corre-
sponds to zero on the abscissa. With the muscle com-
pletely slack, the ending had a tonic discharge of 20 imp/ 
s. This is the same unit as in Fig. 10-14B; conduction ve-
locity 63 m/s, cat peroneus brevis. 
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fe cts of fusimotor stimulation on secondary endings 
a;-e qualitatively similar to those on primary end-
ir igs, though the static effects are much more promi-
n =nt, reflecting the relatively sparse supply of sec-
o idary terminals to bag] fibers. 
The behavior of the primary ending described 
above suggests that it is measuring the length 
(length sensitivity), velocity (dynamic index), and, 
perhaps, acceleration (initial burst) of the muscle in 
which it occurs, and this interpretation is usually 
found in introductory accounts of the muscle spin-
dle (see e.g., Kuffler and Nicholls 1 2 7 ) . If this were 
so, it would be a simple matter to describe the out-
put of the primary ending mathematically by a l in-
ear transfer func t ion . 1 2 8 However, the sensitivity to 
velocity declines rapidly with increasing velocity, 1 2 9 
and for large amplitude stretches there is no particu-
lar response to acceleration. 1 3 0 Furthermore, the use 
of sinusoidal stretches has shown that the primary 
ending is about twenty times more sensitive to small 
amplitude stretches (up to 0.1 mm for cat soleus 1 3 1) 
than to larger stretches. These complications make 
the fitt ing of a linear transfer function more difficult, 
though various attempts have been made, ranging 
from power functions 1 3 2 to a second-order rela-
t i o n . 1 3 3 
Nonlinear functions give better fits to the ob-
served behavior , 1 2 4 , 1 2 9 but even these do not f i t the 
complete pattern of impulse activity. To obtain a fi t 
it seems necessary to suppose that there is more 
than one site of impulse initiation, such that their 
individual outputs may be variously summed or 
occluded. This phenomenon of pacemaker sioitching 
is to be expected in a branched axonal system. 1 3 4 
Evidence that it occurs in mammalian spindles was 
first presented by Crowe and Matthews 1 3 5 ; it has 
since been extended by Hulliger and N o t h / 7 and has 
been discussed on the basis of actual branching pat-
terns by Banks et a l . 2 9 
Input-Output Conversion 
How does the spindle transducer work, and what 
may be the cause of its nonlinearities? Hunt and 
Wilkinson 1 3 6 analyzed receptor potentials recorded 
from afferent axons whose impulse activity had 
been blocked with tetrodotoxin. The responses of 
primary and secondary endings were essentially 
similar, the main difference being the greater sensi-
tivity of the primary endings. Moreover, the overall 
tension of these isolated spindles showed similar 
nonlinearities in response to sinusoidal amplitude 
and frequency, as did the receptor potentials. 
The receptor potentials are generated mainly by 
an influx of N a + into the sensory terminals, 1 3 7 and 
we have suggested2 9 that the permeability of the 
N a + channels is affected by an intracellular messen-
ger (probably Ca 2 + ) released from a bound state by 
the rise in cytoskeletal tension that accompanies 
bulk deformation of the terminals. As a first approx-
imation we may further suppose that the receptor 
potential is linearly related to the longitudinal ten-
sion through the terminals, this being locally modi-
fied by such elements as the elastic fibers that insert 
into the juxtaequatorial regions of bag fibers and 
thus differ, particularly in phase, from the overall 
tension (see Ultrastructure, under Intrafusal Muscle 
Fibers, earlier in this chapter). 
The cause of the nonlinearities in the sensory re-
sponses may then be sought in the mechanical 
properties of the intrafusal muscle fibers on the 
basis of the cross-bridge model of muscle activation. 
Cross-bridges may be regarded as elastic elements of 
low compliance whose breakage under tension is 
_ i 
Figure 10-14. Instantaneous-frequency displays of responses of spindle afferents to ramp-and-hold stretches applied to 
cat peroneus brevis. A. Primary ending (conduction velocity of supplying axon, 87 m/s) stretched at 36 (A\), 10 (A2), 5 
{A3), and 2.5 {A4) mm/s. Note that both initial burst and peak of dynamic response increase with greater rates of stretch 
and that the ending ceases firing on release of stretch. B. Probably a secondary ending (conduction velocity of supplying 
axon, 63 m/s). Superimposed responses to 10, 5, and 2.5 mm/s stretches. Note increase in slope of dynamic response to 
greater rates of stretch. The ending stops firing on release. C. A typical secondary ending (conduction velocity of 
supplying axon, 35 m/s). The initial high sensitivity to dynamic stretch is clear. The ending continues to fire during 
release. D-H. Effects of separately stimulating five motor axons on the response of a primary ending (conduction 
velocity of supplying axon, 79 m/s) to a 5-mm/s stretch. The lowest trace in D, F , G and H is a test response in the absence 
of motor stimulation. In D a dynamic axon (conduction velocity not recorded) was stimulated at 60 and 100 Hz. Note 
increase in slope of dynamic response and absence of firing during release. In E stimulation of a motor axon with a 
conduction velocity of 57 m/s (probably a /8 axon) produces a mixed effect: stimulation at 10 and 40 Hz (lower two traces) 
increases the static response of the primary ending, whereas stimulation at 100 Hz further increases the dynamic, but not 
the static, response. Static y axons were stimulated in F, G (conduction velocity, 28 m/s), and H (conduction velocity, 
2^ m/s) nominally at 50 Hz, but the driving in H before the stretch shows that the actual rate was about 60 Hz. The 
primary ending fires during the release of stretch in each case, and the slope of the dynamic response is unaltered from 
that in the test response. K. Time calibration 0.2, 1,2 s. M. Superimosed signals generating the stretches. Release from 
the hold phase following the slowest ramp is not shown. 
i 
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Figure 10-15. Effects on the static discharge of a primary 
ending (same unit as in Fig. 10-14D-H) of the separate 
stimulation of five motor axons at various frequencies re-
corded 1-2 s after the onset of stimulation. Open trian-
gles: A dynamic axon (conduction velocity not recorded; 
see Fig. 10-14D); with stimulation at 200 Hz the output of 
the primary ending reached 56 imp/s. Open circles: A 
static y axon (conduction velocity, 25 m/s; see Fig. 10-
14H); the secure driving of the primary ending produced 
by stimulating this axon was used to calibrate the stimulus 
frequency. Filled triangles: A static y axon (conduction 
velocity, 28 m/s; see Fig. 10-14G); stimulation at lower fre-
quencies produced driving, wi th harmonics becoming ir-
regular above 50 Hz. Filled circles: A static y axon (con-
duction velocity not recorded; see Fig. 10-14F); 
stimulation did not produce driving at any frequency. 
Squares: An axon (conduction velocity, 57 m/s, probably 
fi; see Fig. 10-14E) producing a mixed effect; the static ef-
fect below 50 Hz is very clear. The extension of the muscle 
(cat peroneus brevis) was close to half the physiological 
range. 
manifested as viscosity. 1 3 8 The number of cross-
bridges at any one time will be a function of the rate 
at which they are being formed, the rate at which 
they spontaneously break, and the rate at which 
they break under tension. Each of these factors will 
have an associated time constant, the actual value of 
which will vary according to muscle fiber type, par-
ticularly in the case of the first two. The bag] fiber is 
especially interesting on account of its peculiar 
properties, which include the discrepancy between 
the locations of its motor endings and the conver-
gent sarcomere movements seen during the stimu-
lation of dynamic motor axons. 1 1 1 If the bag rfiber 
pole normally has a large number of cross-bridges, 
activation may produce only a modest shortening 
restricted to the region with M-line sarcomeres, 
whereas the stiffness will increase. The time course 
of the shortening74 may be much longer than that of 
the activation giving rise to i t 1 3 9 because of series 
viscoelastic components. 
The prominent dynamic response of the primary 
is thus seen as a consequence of the stiffness of the 
bag] fiber. Exposure of potential cross-bridge sites 
by breakage of cross-bridges under tension will au-
tomatically lead to an increased rate of cross-bridge 
formation, recognizable as stretch activation, 1 0 9 , 1 4 0 
that tends to maintain the muscle fiber stiffness. At 
the peak of a ramp stretch the longitudinal tension 
in the primary terminals on the bag] fiber may fall 
abruptly, perhaps aided by the effectively in-parallel 
elastic fibers, to be followed by the compensatory 
length change ("creep" 7 4 , 1 4') with a longer time 
course. As the output of the terminals on the bag] 
fiber falls below that of the terminals on the bag2 
and chain fibers, the common pacemaker becomes 
predominantly influenced by the latter. 
The mechanical properties of chain fibers are dia-
metrically opposed to those of the bag] fiber in that 
they show lack of stiffness, low viscosity, and rapid, 
overt contraction. They can be accounted for by as-
suming that chain fibers have a small number of 
cross-bridges with a rapid turnover as a result of a 
high rate of spontaneous breakage. Static fusimotor 
activation leads to shortening of the chain fiber 
poles with little, if any, increase in stiffness. Because 
of the lack of viscosity, small fluctuations in polar 
length are readily transmitted to the equatorial re-
gion, and the primary response can be "driven" at 
the static fusimotor stimulation rate over a wide 
range of frequencies/5 
What is the muscle spindle signaling to the central 
nervous system? Because of the length-tension rela-
tion of muscle, the answer to this question is inher-
ently ambiguous, but it is conceivable that under 
different conditions the length or tension aspect 
may be of paramount functional importance. Both 
primary and secondary endings are good length 
sensors under static or low dynamic conditions, 
whereas under highly dynamic conditions the pri-
mary ending may be a good sensor, not of rate of 
change of length but of rate of change of tension. 
Muscle spindles are thus admirably adapted to feed-
back sensing of muscle length and stiffness and may 
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participate in reflex control of both these aspects of 
muscle activation 129 
EFFECTS OF SYMPATHETIC STIMULATION 
Recent histological evidence demonstrating the 
presence of a nonvascular autonomic innervation in 
some spindles (see Autonomic Innervation) 
prompted Passatore and Fi l ippi 1 4 2 ' 1 4 3 and Hunt, 
Jarni, and Laporte 1 4 4 to study the effects of sympa-
thetic stimulation on the discharge of spindle affer-
ents. The responses are variable and complex. At 
the shortest latency (0.6-2.5 s) 40 percent of rabbit 
jaw-muscle spindle afferents decreased their firing 
rate during repetitive stimulation of the cervical 
sympathetic nerve. 1 4 2 This does not seem to be due 
to a reflex inhibition of fusimotor tone, 1 4 3 , 1 4 4 but 
could , perhaps, be due to a direct effect on the af-
ferent axons or endings. We have some unpub-
lished evidence in favor of this in the form of a typi-
cal autonomic varicosity lying close to a node of 
Ranvier on a spindle secondary afferent. 
Somewhat later (8-15 s in rabbit jaw muscles 1 4 3; a 
few seconds in the cat hindlimb 1 4 4) a weak excita-
tion is shown by some spindle afferents. This is now 
recognized by all the investigators to be due to a 
direct effect on the intrafusal muscle fibers. 1 4 4 3 It is 
simultaneously accompanied by a development of 
tension in the rabbit jaw-closing muscles, maximally 
5 g:.144a Passatore, Filippi, and Grass i 1 4 4 b attribute 
this as being mainly due to intrafusal contraction, 
bul it seems unlikely, on the basis of studies on iso-
late d spindles,7 4 that the number of intrafusal mus-
cle fibers present in rabbit jaw muscles could pro-
duce tension of that order. 
On prolonged stimulation the direct intrafusal 
excitation is transitory and is followed after about 
30 > by a second excitation of vasomotor origin. 1 4 4 
Ha e, Kidd, and Kucera 1 4 5 and Hale and K i d d , 1 4 6 
usi ig a preparation in which the rat's tail was main-
tained independently of its blood supply, found 
that reflex sympathetic activity, induced by carotid 
occlusion or nitrogen breathing, led to a long-lasting 
inc-ease in the regularity and firing frequency of 
spindle primary afferents1 4 6 and that superfusion 
wit k adrenaline produced a similar excitation that 
lasted as long as the adrenaline was present. 1 4 5 The 
traiisitoriness of the early excitation seen in cat spin-
dled by Hunt et a l . 1 4 4 could thus be a further conse-
quence of vasoconstriction. However, all these ef-
fects are very weak and unlikely to be functionally 
significant. Hunt et a l . 1 4 4 looked for an anrifatigue 
effect of sympathetic stimulation on intrafusal mus-
cle libers comparable with the classical Orbeli effect 
on <»xtrafusal muscle fibers, but one was not clearly 
present. The present position is thus that the signifi-
cance of intrafusal autonomic innervation remains 
to be elucidated. 
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Observations on the primary sensory ending 
of tenuissimus muscle spindles in the cat 
R.jVV. B a n k s 
Department o f Zoology, University o f Durham. Durham, Uni ted Kingdom 
S u m m a r y . The arrangement of preterminal and terminal 
axon branches in the primary sensory endings of cat tenu-
issimus muscle spindles was studied using whole-mount and 
serial-section techniques. Although in every case one first-
order preterminal branch was supplied exclusively to the 
bag, type of intrafusal muscle fibre, the preterminal branch-
ing patterns differed considerably in detail. 
j Terminals varied widely in size and location. Their pre-
cise form varied according to their position on the intrafusal 
muscle fibres rather than their relationship to preterminal 
branches. Terminals derived from separate preterminal 
branches remained separate and did not fuse with them-
selves or each other. Individually bag, fibres had most ter-
minals, chain fibres least. The surface of the muscle fibres 
were differentially indented by the terminals, least in bag, 
fibres and most in chain fibres. 
The results are discussed in relation to mechanosensory 
transduction and to the factors involved in determining the 
form of the primary ending. 
K e y words: Muscle spindle - Sensory innervation - Me-
chanosensory transduction - Morphogenesis - Cat 
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Th 2 primary sensory ending of the mammalian muscle spin-
dle is usually supplied by a single, large-diameter axon 
which distributes terminals to a small bundle of specialized 
muscle fibres via a system of preterminal branches (Ruffirii 
Barker 1948; Boyd 1962). The basic form of the end-
is classically described by the term "annulospiral", be-
use of the way in which the terminal branches wind ar-
the intrafusal muscle fibres, often forming apparently 
cornplete rings. 
The muscle fibres are of three types, known as bagj, 
2 and chain, whose different mechanical properties char-
acteristically affect the response of the primary ending to 
stretch (Banks et al. 1977; Boyd 1981; Barker and Banks 
. Cat hindlimb muscle spindles typically contain one 
one bag2 and four or five chain fibres, and at least 
:hese spindles each type is constantly associated with 
ceri ain features of the primary ending (Banks et al. 1982). 
Thus the annulospiral turns are set most closely on the 
bag, fibre, resulting in this part of the ending accounting 
98 6). 
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for about a third of the total area of neuromuscular con-
tact; they are most widely separated on the chain fibres, 
among which they are directly interconnected (the sensory 
cross-terminals of Adal 1969); and the distal terminals tend 
to a more irregular disposition, particularly on the bag, 
fibre. Additionally, one of the first-order preterminal 
branches usually innervates the bag, fibre exclusively, 
especially in the lenuissimus muscle; and the bag, fibre 
usually receives more preterminal branches than either the 
bag2 fibre or individual chain fibres. 
But it is now clear that the use of transverse sections 
and graphic reconstruction in the work of Banks et al. 
(1982) obscured important details of the terminals, and it 
is the purpose of this paper to clarify some of those details. 
In particular the contribution that individual terminals 
make to the overall form of the ending and the degree 
to which terminals are indented into the different types 
of muscle fibre are described. Their possible functional sig-
nificance is discussed, and the possible morphogenetic influ-
ence of the intrafusal muscle fibres on the overall form 
of the primary ending is considered. 
Mater ia l s and methods 
Muscle spindles were obtained from eight lenuissimus mus-
cles, each from a different adult cat. Three muscles were 
prepared according to the modified silver impregnation 
technique of Barker and Ip (1963) as described in Barker 
et al. (1985). The preterminal branching patterns of the la 
afferent axons were determined from teased, whole spindles 
using x 100 oil immersion objectives. The remaining mus-
cles formed part of the sample described in the histophysio-
logical study of Banks et al. (1978). Details of the process-
ing can be found there and in Barker et al. (1978). Each 
of these muscles yielded one spindle, and the original refer-
ence numbers, 4, 5, 6, 10 and 12, will be retained here. 
In each case, the equatorial region, including the whole 
of the primary sensory ending, was serially sectioned at 
I urn thickness and stained with 1.7mg/ml loluidine blue 
in 1.7 mg/m! borax solution. 
Spindles 6 and 12 were sectioned transversely and 
graphic reconstructions of their primary sensory endings 
have been published previously (Banks et al. 1982). Spindles 
4, 5 and 10 were sectioned longitudinally. The question 
of whether the terminals can form closed configurations 
such as rings could not be settled by the method of graphic 
reconstruction, therefore the primary sensory ending of 
i 
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Fig. I . The pr imary ending and associated muscle fibres o f a cai tenuissimus muscle spindle as reconstructed f r o m serial longitudinal 
sections, pr ior to contour f i l l i ng (cf. Fig. 2). The reconstruction is in four parts: (a) most o f the preterminal branches o f the myelinated 
axon, (£>,) the bag, fibre, ( f t , ) Ihe bag, fibre, and (c) the three chain fibres, all wi th their associated terminals. Several temporary 
locating bridges arc visible 
spindle 10 was reconstructed in three spatial dimensions. 
The presence in the terminals of a darkly stained central 
core containing many mitochondria facilitated the resolu-
tion of separate terminals even when they were closely adja-
cent. This is best seen in longitudinal section, since the ter-
minals run predominantly transversely. The three-dimen-
sional reconstruction allowed the sensory ending to be 
viewed from any angle, clearly revealing possible closed 
configurations of terminals which could then be checked 
in the serial sections. 
The process of reconstruction involved tracing onto thin 
card photomontages enlarged x4.5 from 35 mm negatives 
taken with a Zeiss Ultraphot using a x 100 planapo objec-
tive. The tracings were cut out and mounted with card 
spacers of the correct scale thickness. Since there were no 
external references, the successive sections were aligned us-
ing subjective judgement of minimal displacement. The 
whole ending was reconstructed in four parts: (i) most of 
the preterminal branches, (ii) the bag,, (iii) the bag2, and 
(iv) the chain fibres, the terminal branches being included 
with the intrafusal muscle fibres (Fig. 1). The contours were 
smoothed using a cellulose-based filler, and the surface was 
painted to differentiate the various components. 
Two sets of measurements were obtained from the longi-
tudinally sectioned parts of spindles 4, 5 and 10. Firstly, 
standard circles were used to estimate the radii of curvature 
of the outer (free) and inner (neuromuscular) boundaries 
of a sample of terminal profiles, together with the length 
of the imaginary chord cutting the profile in the line of 
the muscle-fibre surface. The terminal profiles on each mus-
cle fibre were selected in the sections that contained the 
greatest equatorial diameter of each fibre. Those closest 
to the middle of the primary ending were used provided 
thai they did not show evidence of branching nearby, such 
as a bilobed appearance or an unusually large size. Second-
ly, sarcomere lengths were estimated at various regions by 
counting, to the nearest half, the number of sarcomeres 
in a 50 urn length of fibre. 
Supplementary observations were made on lumbrical 
muscle spindles thin-sectioned for electron microscopy and 
kindly provided by Dr. M.J. Stacey. 
Results 
Preterminal branches 
The pattern and distribution of the myelinated preterminal 
branches of 16 primary endings were established from 
teased, whole spindles (13) and serially sectioned spindles 
(3). There were in total 79 ultimate preterminal branches 
in a range of 3 to 8 per ending, and of the following orders: 
1st, 7; 2nd, 47; 3rd, 22; 4th, 2. With one exception, each 
supplied only one type of intrafusal muscle fibre, as shown 
in Table 1. Bag, fibres tended to be supplied by the lowest-
order ultimate branches, chain fibres by the highest order. 
Individually, however, bag, fibres received on average IT ore 
ultimate preterminal branches (1.8 + 0.19 SE) than eil her 
bag2 (1.3 + 0.15 SE) or chain fibres (0.48 + 0.06 SE). 
With one exception every ending possessed two llrsl 
order branches which supplied the bagi fibre exclusively, 
and the bag, and chain fibres together. In the remaining 
ending there were three first order branches, each supplying 
one type of muscle fibre. I f the endings are considered to 
begin at the first branching nodes, then they included a 
total of 125 nodes of which 45 (36%) branched dichoto-
mously and 9 (7%) branched trichotomously. Trichoio-
mous nodes were most common in the distal parts of the 
bag2/chain branching system. 
The proportion of branched nodes in individual endings 
ranged from 22% to 67%. Most of the data were obtajned 
from two cats, and the mean proportion of branched n<j>des 
from one animal (60.2%, /; = 5) was significantly greater 
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Fig. 2a-c. The completed 
reconstruction o f the primary 
ending and associated muscle 
fibres o f a cat lenuissinnis muscle 
spindle (cf. Fig. 1). as seen f r o m 
two viewpoints (a, b), and in a 
stereo-pair (c) f r o m the same 
viewpoint as (a) but wi th the 
myelinated preterminal axons 
removed to show the terminals on 
the bag fibres more clearly. The 
bag, fibre has characteristically 
crowded terminals wi th very 
irregular purls at each end. The 
most regular spirals occur, as 
usual, on the chain fibres. />, bag, 
fibre; h,h bag,-fibre branch or la 
axon: b2 bag 2 fibre; b^cb bag 2 -
chain-fibrc branch ol" la axon: 
c chain fibres: .sr satellite cell ; 
Sen Schwann-cell nucleus 
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than thai from the other (35.5%, « = 6; /><0.02, Mann-
Whitney U test), perhaps reflecting variability in an inherent 
tendency of the sensory axons to branch. However, the 
16 endings all differed in the details of their preterminal 
branching, indicating the importance of random effects in 
pattern formation: 
Nonmyelinated preterminal axons arose only from the 
terminal heminodes of the myelinated preterminal 
branches. They were about 1 um in diameter and 10-20 urn 
in length, and were sometimes branched. 
Form and distribution of terminals 
The terminals of the reconstructed primary ending of spin-
dle 10 were generally similar in form to those of spindles 
6 and 12, published previously (Banks et al. 1982). The 
characteristic features associated with each type of muscle 
fibre were all present (Fig. 2). There were several possible 
closed-loop or ring configurations, particularly among the 
crowded terminals of the bag, fibre. However, careful scru-
tiny indicated that they were all actually open, being formed 
by closely adjacent separate terminals or by a single termi-
nal encircling the muscle fibre and abutting on, but not 
fusing with, itself. 
The terminals on all the muscle fibres are shown dia-
grammatically in Figs. 3-5. Compared with the nonmyelin-
ated preterminal branches they were of larger diameter, usu-
ally continuously so, though in some cases a single terminal 
consisted of more than one expanded portion linked by 
narrow connectives. Terminals of this sort were particularly 
common on the bag2 fibre. At each end of the complete 
terminal system on the bag, fibre there were some small, 
apparently isolated portions of terminals whose connexions 
were perhaps loo tenuous to detect. 
The whole ending contained 9 terminals, 4 on the bag, 
fibre, 3 on the bag2 fibre, and 2 distributed among ihe 
3 chain fibres by sensory cross-terminals. However, the ter-
minals were nol symmetrically distributed, so the form of 
each one depended on its location in the complete system. 
On the bag fibres, for example, pure spirals were confined 
to those parts of the terminals that happened to occupy 
the region overlying the nuclear bag. 
The domains of individual terminals are shown in 
greatly simplified form in Fig. 6, together with ihe preter-
minal branches supplying them. For comparison the end-
ings of spindles 6 and 12 are shown similarly, but including 
only the terminal domains which may be confidently lo-
cated. In spindle 6 there were 7 terminals on the bag, fibre, 
and 2 on the bag, fibre. In spindle 12 there were 6 terminals 
on the bag, fibre, and 3 on the bag2 fibre. By inference 
from the number of nonmyelinated preterminal branches 
there were 2 and 5 terminals respectively on the chain fibres. 
For all three spindles the mean numbers of terminals per 
fibre were: bag,, 5.7; bag2, 2.7; chain, 0.7. 
Terminal indentation 
The longitudinal section of the bag, fibre of spindle 4 shown 
in Fig. 7 is typical of those used in the analysis. The equato-
rial region of the fibre was occupied by a mass of dichro-
matic myonuclei, which were surrounded by myofibrils in 
places so tenuous as to be scarcely visible. The outlines 
of the important features of this and similar sections of 
the bag2, bag, and one chain fibre from spindles 4, 5 and 
Table 1. The distr ibution o f the ultimate myelinated branches o f 
16 primary endings o f cat tcnuissimus muscle spindles 
Muscle-fibre 
type 
Branch order Totals 
1 2 3 4 
bag, 6 19 4 29 
bag 2 1 I I 7 1 20 
chain 16 11 2 29 
bug 2 & chain 1 1 
79 
10 are shown in Fig. 8. It is immediately apparent that 
the terminals are differentially indented into the three types 
of muscle fibre, most deeply in the chain and least in the 
bag. Fibres. There is also some indication of increasing 
amounts of terminal deformation associated with each spin-
dle in the order 4, 10, 5, which may be related to the amount 
of sialic stretch during fixation as reflected in the measure-
ments of sarcomere lengths. 
The terminal profiles are bounded on their outer (fr:e) 
and inner (neuromuscular) surfaces by curves mostly ap-
proximating to segments of circles. Mean values of the radii 
of curvature, O and I respectively, are given in Tabk 2, 
together with the half-length, C, of the corresponding chord 
as defined in the Methods. Also included are the ratios 
thai may be derived from these values. I f 0 = I = C, |he 
terminal would be circular in section and half embedded 
in the muscle fibre. This condition was most closely ap-
proached on the bag2 fibre of spindle 4. 
When O and I exceed C the terminal profile was lenticu-
lar, but the terminals would remain half embedded if 0=1= I , 
as was approximated on the bag2 fibre of spindle 10. Wllen 
O exceeds I the terminals were deeply embedded in the 
muscle fibre, typical of those on the chain fibres; whereas 
when I exceeds O the terminals were relatively prominc nt, 
typical to varying degrees of those on the bag, fibres, but 
also present on Ihe bag2 fibre of spindle 5. 
The terminals were almost always located at the surftice 
of the muscle fibres. In this position their outer surfaces 
are known to be covered by basal lamina continuous w ilh 
that of the underlying muscle fibres (see e.g., Merrilljees 
lu-
the 
1960; Landon 1966; and Fig. 9). On rare occasions long 
dinally oriented terminals were completely engulfed by 
muscle fibre, and it is worth noting that their transverse 
sectional profiles were approximately circular. The plasma 
lemma of both the outer and inner surfaces of a terminal 
presented a finely corrugated appearance in longitudinal 
or transverse section (Fig. 9). The remarkable regularity of 
the corrugation and its absence from the membranes of 
other types of cell in the same section indicate that tl ere 
was a genuine rather than an artefactual basis for it. 
Discussion 
Impulse generation 
In vertebrate muscle spindles, as in other receptors, 
afferent impulse frequency is determined by the amplitude 
of a graded receptor potential (Kalz 1950; Hunt and Otto-
son 1975), which is presumably set up in the terminal 
branches of the sensory neuron and spreads passively to 
the 
Fig. 3. Diagrammatic reprcscnlalion o f I he four terminals supplied to the bag, fibre in the reconstructed primary ending. The terminals 
are shown separately (above and below) and combined (middle), to emphasize their different domains wi th in the overall f o r m . Nonmyel in-
ated preterminal branches arc shown as straight lines, and their points o f continuity wi th the terminals as small circles. Compare 
wi th Fig. 2c. Not to scale 
9 
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Fig. 4. Diagrammatic representation o f the three terminals supplied to the bag, fibre in the reconstructed primary ending. The terminals 
arc shown separately (above and below) and combined (middle), to emphasize their different domains wi th in the overall f o r m . Nonmyel in-
ated preterminal branches are shown as straight lines, and their points o f continuity wi th the terminals as small circles. Compare 
wi th Fig. 2c. Not to scale, cl, c2 chain fibres I and 2 on Fig. 5 
t 
Fig. 5. Diagrammatic representation o f the two terminals supplied to the three chain fibres in the reconstructed primary ending. The 
terminals arc shown separately at the top and bot tom o f the figure: and the chain fibres, numbered /-.?, arc shown separately in 
the middle. Nonmyelinated preterminal branches arc shown as straight lines, and their points o f cont inui ty wi th the terminals as small 
circles. The terminals cross directly between the muscle fibres at four points (sensory cross-terminals, arrowed), and fibre 2 receives 
all its share o f the terminals in this way. Compare wi th Fig. 2b. Not to scale 
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Fig. 6. Schematic representation o f 
the preterminal branches and 
terminal domains o f the pr imary • 
ending reconstructed f r o m serial 
longitudinal sections (10) compared 
wi th two endings reconstructed f r o m 
serial transverse sections (6 and 12). 
In each case the parent axon, to the 
left , first divides to fo rm myelinated 
branches which ultimately give rise to 
several nonmyelinated branches. The 
approximate locations and extents o f 
individual terminal domains are | 
shaded. Those o f the chain fibres in 
6 and 12 could not be determined .1 
Graphic isometric reconstructions o f 
6 and 12 arc given in Banks ct al. 
(1982). Despite close similari ty in the 
overall f o rm o f all three endings the 
details o f the preterminal branching 
patterns and terminal domains vaiy 
considerably; h, bag, fibre; b2 bag 
fibre; c chain fibre 
low threshold, electrically excitable pacemaker sites. The 
penultimate nodes of Ranvier and the ultimate heminocles 
in the neuron's preterminal branches have been plausibly 
identified as the pacemakers (Quick et al. 1980). The present 
work has demonstrated that the terminals supplied by sepa-
rate preterminal branches remain separate and do not fuse. 
Therefore each terminal with its associated pacemaker is 
potentially an independent transduction unit, generating its 
own impulses. The large number of such units on the bag, 
fibre is particularly interesting; in one of the present exam-
ples (spindle 6) it exceeds the combined total of separate 
units on all the remaining intrafusal fibres. 
The possible significance of the preterminal branching 
pattern for the integration of the separate pacemaker out-
puts has been discussed elsewhere (Banks el al. 1982). 
Transduction 
The receptor potential of the muscle spindle is generated 
mainly by an influx o f N a + , presumably across the terminal 
membranes (Hunt et al. 1978). The nature of the transducer 
is still a matter for speculation, but it is usually supposed 
that Na+-channels themselves undergo conformational 
changes in response to longitudinal stress in the terminal 
membrane (see for example Kennedy el al. 1975; Shepherd 
1983; Quick 1984). However, such a physical system cannot 
account for the observed temperature dependence of the 
response (Duncan 1967), nor is i l easy to see how a fluid-
mosaic membrane (Singer and Nicholson 1972) could sup-
port a one-dimensional stress. 
Stimulation of the muscle spindle by passive stretch or 
by active inlrafusal-fibre contraction is accompanied by ex-
tension of ihe equatorial region and, al least in the frog 
spindle, by deformation of the sensory nerve terminals in 
that region (Ottoson and Shepherd 1970; Boyd 1976; Fuk-
ami and Hunt 1977; Bendeich et al. 1978; Poppele el al. 
1979; Kim et al. 1985). Since the terminals are almost! all 
situated at the surface of the muscle fibres it might be sup-
posed thai some kind of shearing stress is transmitted di-
rectly lo the terminal membrane al the sensory neuromuscu-
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Tabic 2. Radii o f curvature o f the outer (free) and inner (neuromus-
cular) boundaries o f terminal profiles on the three types o f intrafus-
al muscle fibre, and o f the half-length o f the corresponding chord 
(sec Methods) , together wi th the ratios o f these 
0 
um 
I 
um 
C 
um 
I/O i/c O/C 
Bag 2 fibres 
4 3.8 3.5 2.9 1.0 1.2 1.3 
10 4.9 5.1 3.4 1.1 1.5 1.4 
5 3.8 7.7 3.2 2.3 2.4 1.2 
Bag, fibres 
4 3.1 5.2 2.9 1.4 1.8 1.1 
10 3.6 20.1 3.3 6.1 6.3 1.1 
5 3.8 31.9 3.2 9.2 10.6 1.2 
Chain fibres 
4 7.3 3.4 2.8 0.5 1.2 2.6 
10 11.3 3.2 3.3 0.4 1.1 3.9 
5 17.6 6.1 3.6 0.6 1.7 4.5 
O, radius o f outer boundary: I , radius o f inner boundary; C, half-
length o f chord. A l l values arc means o f 10 observations 
lar junction (Kennedy et al. 1975; Quick 1984). However, 
intercellular connexions capable of transmitting the stress 
seem to be restricted to an inadequate number of desmo-
somes. 
The deformation of sensory terminals in mammalian 
muscle spindles has not been systematically studied in rela-
tion to intrafusal muscle-fibre length or contractile activity, 
but the results of this study are consistent with an alterna-
tive possibility that the terminals are compressed between 
longitudinal-tension bearing elements, usually the muscle 
fibres and their associated basal laminae (Banks el al. 1982). 
Although these cannot be entirely independent it seems lik-
ely that, al lengths close to Lu. tension due lo passive stretch 
might be largely transmitted through the basal lamina, 
whereas active tension would be largely transmitted 
through the muscle fibre, the balance of tensions determin-
ing whether the terminals are compressed symmetrically or 
not as expressed by the ratio I/O. The differential indenta-
tion of the sensory terminals into the three types of intrafus-
al muscle fibre, expressed by the ratios l/C and O/C, may 
then be explained when the contractile properties of the 
fibres are also taken into account (reviewed by Barker and 
Banks 1986). 
Furthermore, terminal compression can provide a me-
chanical basis for much of the rapid accommodation char-
acteristic of the dynamic behaviour of the primary ending 
(Hulliger 1984 for review), which deformation by terminal 
length change cannot, since it allows the possibility of a 
sudden reduction in net terminal deformation if the stiffness 
of an intrafusal fibre is suddenly reduced (for example at 
Fig. 7. A 1 um-lhick longitudinal section through the equatorial 
region o f the bag, fibre o f a cat tenuissimus muscle spindle (4), 
stained wi th toluidine blue. Several profiles o f the sensory terminals 
(/) may be seen indenting the surface o f the muscle fibre, which 
in this region contains a large collection o f myonuclei {in), the 
nuclear bag, wi th the myof ibr i l s restricted to a very thin r i m : ic 
inner capsule; ps periaxial space; npa nonmyelinated preterminal 
axon 
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s p i n d l e 
b a g 2 f i b r e s 
s a r c o m e r e 
length um 
2.3 
2.4 
10 
bag-) f ibres 
10 
chain f i b r e s 
10 
2.4 
2.6 
2.4 
2.6 
2.1 
2.3 
2.5 
2.5 
2.5 
2.6 
1.9 
2.0 
2.0 
2.1 
2.2 
2.3 
20um 
R g . 8. Tracings o f longitudinal sections through the equatorial regions o f the bag 2 fibre, bag, fibre and one chain fibre f r o m each 
o f three lenuissimus muscle spindles o f cat. Sections passing closest to each fibre's diameter were selected. Mean sarcomere lengths 
o f 50 sarcomeres on each side o f the primary ending are given for each fibre. They arc consistently shortest in spindle 4 and longest 
in spindle 5 suggesting increasing amounts o f static stretch during f ixa t ion in the order 4, 10, 5. The terminals arc progressively less 
indented into the bag fibres in the same order but among the chain fibres only that o f spindle 5 is clearly less indented than others 
(sec Table 2; for example, all possible comparisons o f I /C for each fibre type, except the chain fibres o f 4 and 10, show significant 
differences, P<0-.05 Mann-Whi tney {/test) 
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Fig; 9. a Eleclron micrograph of it transverse section from the equatorial region of a bag fibre in u hind-limb lumbrical muscle of 
cat; passing through a primary-ending terminal (/). The terminal is located between basal lamina (W), continuous with that of the 
muscle fibre, and the plasmulcmma of the muscle fibre: ^/'elastic fibres: /<• inner capsule: m myonucleus. b Enlargement of part of 
(a) to show the corrugated appearance of the sensory-terminal membrane, which may be compared with the much smoother membranes 
of the fibrocytes in the adjacent inner capsule. Fibrillar material on the protoplasmic side of the terminal membrane may be part 
of a cytoskelcton which helps to maintain the regularity of the corrugation and which may be the primary site of mechanosensory 
transduction 
I 
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the end of a ramp slretch). Stretch-activation, expressed 
as an increased stiffness of the fibre while it is being 
stretched, confers the required contractile property on the 
bag, fibre (Poppele and Quick 1981; Laporte et al. 1985). 
The deeply indented terminals on the chain fibre require 
the maintenance of a passive stretch even al relatively short 
spindle lengths (such as spindle 4). That this passive stretch 
is present in the equatorial region is indicated by the occur-
rence and location of chain-fibre kinking described by Boyd 
(1976). Moreover, it is interesting that it is not opposed 
by the attachment of elastic fibres on each side of the prima-
ry ending, such as occurs on the bag fibres (Banks 1984), 
even though elastic fibres are present in the inner capsule 
surrounding the chain fibres. 
Terminal compression would result in increased surface 
area of the terminals provided that their volume does not 
decrease. Length changes of the terminals arc probably in-
significant in this respect since their lengths are typically 
an order of magnitude larger than their radii, and under 
this condition the rate of change of surface area with respect 
to length is very low, by analogy with a cylindrical model. 
Moreover, the stiffness of the sensory region and the annu-
lospiral form of the sensory terminals will lend to minimize 
terminal length changes, during active or passive length 
changes of the intrafusal fibres. The fine corrugation of 
the sensory-terminal membrane, seen in well-fixed material 
not only from spindles but from other mechanoreceptors 
such as the tendon organ (Fig. 18 of Schoultz and Swell 
1972), can effectively allow the membrane to accommodate 
the increase in terminal surface area without any deleterious 
effects. Although the corrugation may be exaggerated by 
routine tissue processing (Quick 1984), its remarkable regu-
larity leaves little doubt that it has a genuine basis and 
presumably is maintained by membrane-associated cyioske-
lelal elements. It is in these cytoskelelal elements, which 
musl be subject to increased tension as the terminal surface 
area increases, that the primary event of transduction 
should be sought (Guharay and Sachs 1984). As in other 
types of sensory system this would be linked to Ihe Na + -
channels by an intracellular messenger. 
Factors affecting primary-ending form 
The constant features of primary-ending form and its main 
divisions on the three types of intrafusal muscle fibre (Banks 
et al. 1982) might be taken to indicate a stereotyped mor-
phogenesis depending only on intrinsic neuronal properties, 
especially as formation of the muscle spindles is initiated 
by the growing afferent axon (Landon 1972; Milburn 1973, 
1984) and subsequent differentiation and maintenance of 
characteristic intrafusal muscle fibres depend on the contin-
ued presence of the axon (Zelena 1964; Zelena and Souk up 
1974; Milburn 1984). However, the present work has re-
vealed a finer level of form of the ending which varies inde-
pendently of the constant features. The apparently random 
variations in details of preterminal branching and in the 
size and distribution of terminal domains strongly suggests 
that the overall form of the ending must be determined 
or limited by some extra-neuronal influence. The impor-
tance of the intrafusal muscle fibres in this respect is indi-
cated by the way in which the precise form of a terminal 
varies according to the position of the terminal with respect 
to the myonuclei within its domain; for example the restric-
tion of annulospiral turns on ihe bag, fibre to the region 
of the nuclear bag. The terminals appear lo be competing 
among themselves for a limited amount of a suitable contact 
site on each muscle fibre; evidence thai such site specificity 
occurs has been obtained in studies of reinnervalion of mus-
cle spindles (Banks and Barker 1983; Banks el al. 1984. 
1985). Similar competitive behaviour on a larger scale is 
thought to be involved in the development of sensory neu-
rons in leech skin (Kramer el al. 1985). 
The proper functioning of nervous systems depends 
upon specific neuronal connexions, which are reflected |in 
characteristic sizes and shapes of neurons. Analysis of neu-
ronal form is therefore a valuable technique in the study 
of how the specificity is achieved (Cowan 1979). Neuronal 
form might be expected to be determined by an interaction 
of intrinsic, random and extrinsic factors; both in the extern 
sion of neurites and in the development of dendritic and 
axonal branches. In central nervous systems considerable 
progress has been made with respect to the main features 
of neuronal form (see for example Eccles 1970; Pinto Lord 
and Caviness 1979; Katz ct al. 1980; Shankland and Good 
man 1982; Robain et al. 1985), but the complexity of the 
finer divisions of many neurites makes their detailed ana y-
sis a formidable problem. In this context the primary endi ng 
of the mammalian muscle spindle provides a useful exam-
ple, combining stereotyped form with readily analyzable 
arborization and geometrical simplicity of the associated 
muscle fibres. 
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Responses to small-amplitude sinusoidal stretching of cat peroneus brevis 
muscle spindles reinnervated after nerve section 
B Y R. W . B A N K S . Department of Zoology, University of Durham, Durham DH1 3LE 
Low-threshold mechanosensory endings are formed in muscle spindles by groups 
l a , Lb and spindle I I afferents following nerve section. Their responses to large-
amplitude ramp-and-hold stretches are mostly similar to those of normal primary 
and secondary endings, but their excitability is reduced (Banks, Barker & Stacey, 
1986). Normal spindle endings are especially sensitive to small-amplitude stretches, 
one consequence of which is that the firing rate of primaries can be driven at the 
frequency of very small sinusoidal stretches (Brown, Engberg & Matthews, 1967). 
The responses to such stretches of spindles reinnervated after nerve section are 
described here. 
The left common peroneal nerve was sectioned and repaired in 5 adult cats 
anaesthetized with sodium pentobarbitone (45 mg k g - 1 I .P . ) . Sufficient time was 
allowed for reinnervation to be fully established, then 23-33 weeks after the operation 
each cat was deeply anaesthetized with sodium pentobarbitone and prepared for 
single-unit, dorsal-root recording of L 7 . Ramp-and-hold (10 mm s"1, 1-8 mm) and 
sinusoidal (100 Hz. 100 /tm maximum) stretches were applied to the peroneus brevis 
muscle using an electromagnetic puller. Of 82 low-threshold afferents located in 
spindles, 53 were driven by sinusoidal stretch, but only 33 of these conducted at more 
than 50 m s - 1 . A further 8 afferents conducted at more than 50 m s _ 1 but were not 
driven by a similar stretch. In a control experiment 25 of 30 afferents were driven and 
23 of these were probably l a , conducting at more than 60 m s _ 1 . All of the 5 afferents 
that were not driven conducted at less than 60 m s _ 1 . 
The amplitude of the initial highly sensitive phase (initial burst) at the onset of a 
ramp-and-hold stretch compared to that of the static response differentiates most 
primary (at least 35 impulses s _ 1 difference) from secondary (less than 35 impulses 
s _ 1 difference) endings in normal spindles. In the reinnervated spindles 11 afferents 
were driven and had initial burst/static response differences of at least 35 impulses 
s _ 1 , but conducted at less than 50 m s _ I . I t seems likely that these were group I I 
afferents that had regenerated to old primary sites. Conversely, 6 afferents were not 
driven, had initial burst/static response differences of less than 35 impulses s _ 1 , but 
conducted at more than 50 m s _ 1 . They are likely to have been l b atferents that had 
regenerated to old secondary or more polar sites. 
Supported by National Fund for Research into Crippling Diseases (Action Research). 
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Studies on the motor innervation of tenuissimus muscle spindles in the 
anaesthetized cat 
B Y R . W . B A N K S . Department of Zoology, University of Durfiam, Durham DH1 3LE 
After extensive denervation of the left hindlimb in four adult cats (1-8-2-4 kg), 
anaesthetized with sodium pentobarbitone (Sagatal 45 mg k g - 1 i.p.), the tenuissimus 
muscle was exposed by removal of the biceps femoris, and its distal part was freed 
from surrounding tissues to be reflected into a bath through which an artificial 
interstitial fluid circulated (three cats), or was immersed in a pool of warm (37°) 
mineral oil formed from skin flaps. 
The effects of stimulating 23 motor axons (20 static y. 2 dynamic y, 1 static /}) on 
the responses to ramp-and-hold stretches of 1.5 primary and 1 secondary endings 
were studied in spindles whose positions were marked by epimysial sutures for 
subsequent silver histology. The types of intrafusal fibre activated were inferred 
using Boyd's (1981) criteria, and in the case of 9 axons (the /?, 7 static ys and a 
dynamic y) the silver staining was sufficiently good to allow histological confirmation 
of their intrafusal distributions. 
One experiment yielded potentially 70 motor/primary (10/7) combinations, of 
which 32 were effective. A dynamic y activated 5 primaries, and 9 static ys each 
activated from 1 to 6 primaries, whereas each primary was activated by 3 to 5 static 
ys. Conduction velocities (c.v.) of the ys ranged from 23-0 m s _ 1 (the dynamic) to 
411 m s _ 1 . I t became apparent when the static motor effects were tabulated 
according to efferent c.v.s that bag 2 involvement was most common among the faster 
ys, which also had the widest distribution; chain involvement was most common 
among the slower ys; and ys of intermediate c.v. showed mixed effects. C.v.s of the 
ys from the remaining experiments ranged from 22-7 to 41-7 m s _ 1 , and their inferred 
intrafusal distributions were consistent with this pattern. The remaining dynamic y 
had a c.v. of 34-7 m s _ 1 and activated both primaries against which it was tested. 
Boyd (1986) has suggested that there may be two types of static y axon, one 
always though not exclusively distributed to bag 2 fibres, and one similarly distributed 
to chain fibres. This has been criticized by Banks et al. (1985), who have argued for 
a single type. The present results offer a resolution in that, when sampled, a single 
population of static ys of wide c.v. range, whose extremes are preferentially 
associated with one of the two effectors, would appear to fall into the two populations 
described by 3oyd. 
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; Innervation of muscle spindles in rat deep masseter 
B Y R. VV. B A N K S . D. B A R K E R . H . H . S A E D and M. J . S T A C E Y . Department of Zoology, 
University of Durham, Durham DH1 3LE 
Rowlerson el al. (1988) report that the muscle fibres in rat deep masseter are all 
type I I A except for a very few type I and type I I C fibres that surround an anterior 
cluster of about 40 spindles. Their suggestion that the type I fibres might belong to 
skeletofusimotor units innervated by slow dynamic ft axons prompted us to examine 
this spindle cluster in teased silver preparations and search for instances of /? 
I innervation. We found three examples in which the common origin of the intra- and 
extrafusal branches were preserved. The intrafusal branch terminated in a small 
plate on a bag, fibre in each case. Similar plates were often seen on the bagj fibres of 
other spindles in the cluster. We therefore conclude that some cluster spindles receive 
a dynamic /? innervation similar to that demonstrated in cat hindlimb spindles by 
Barker el al. (1977). 
Whilst searching for 'fi axons, we observed some unusual features of the sensory 
innervation in the anterior cluster. Altogether 130 afferents were distributed to 37 
spindles, the total at spindle entry, 137, being greater due to 7 axons that branched 
to supply primary endings to two bag fibres, usually bag,, in separate spindles. There 
is no previous report of such branching in the afferents from mammalian spindle 
primary endings. Each spindle received 1-6 afferents, up to 5 of which (total 91) 
contributed to multiply-innervated primary regions in 34 spindles, though some 
(total 11) also ended in secondary regions. Bagj and bag2 fibres were often 
innervated separately in the multiple primary endings. The remaining 43 affercnts 
ended in secondary regions, which were occupied thus: one Sj , 11 spindles; both 
SjS, 13 spindles; one Sj one S 2 , 6 spindles; both S,s one S 2 , 2 spindles. 
The frequency distribution of the afferent complements in excess of a single l a 
followed binomial statistics with parameters n = 5, P = 0-51 (x2 observed vs. 
expected = 1-72. n.s.). Characteristic binomial distributions of spindle afferents have 
|been reported for various cat muscles (Banks & Stacey, 1988), and the anterior 
cluster in rat deep masseter is not unusual in this respect. The extremely high 
incidence of multiple primaries (92%), and the large proportion of afferents supplied 
to primary locations (69%), could be the result of unusually high competition for 
suitable sites in the early stages of spindle development. 
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fJUMITITATIVE STUDIES ON MAMMALIAN MUSCLE SPINDLES 
AN) THEIR SENSORY INNERVATION 
Robert Banks and Michael Stacey 
Department of Zoology 
U n i v e r s i t y of Durham 
South Road, Durham DH1 3LE, U.K. 
INTRODUCTION 
I t i s not s u r p r i s i n g , i n view of the v a r i o u s f u n c t i o n a l r o l e s played 
by s k e l e t a l muscles, t h a t each muscle should possess a c h a r a c t e r i s t i c 
p r o p r i o c e p t i v e i n n e r v a t i o n . Muscle s p i n d l e s are r e l a t i v e l y easy t o count 
and have been the main s u b j e c t of q u a n t i t a t i v e s t u d i e s . I n drawing 
coiiparisons between d i f f e r e n t muscles, most authors have used the number 
of s p i n d l e s per gram of a d u l t muscle, or s p i n d l e d e n s i t y , as a measure of 
r e l a t i v e abundance. I n both man and c a t , where s u f f i c i e n t muscles have 
betn examined, smaller muscles have been found u s u a l l y t o have higher 
s p i n d l e d e n s i t i e s than l a r g e r muscles (reviewed by Hosokawa, 1961; Voss, 
1971; and Barker, 1974). This has f r e q u e n t l y l e d t o the suggestion t h a t 
the higher d e n s i t i e s are f u n c t i o n a l l y a p p r o p r i a t e t o sm a l l muscles i n v o l v e d 
i n f i n e p o s t u r a l adjustment or m a n i p u l a t i o n , y e t i t has never been 
denonstrated t h a t i t i s j u s t i f i a b l e t o r e l a t e s p i n d l e number l i n e a r l y t o 
muscle mass as a simple d e n s i t y . 
Spindle counts a c t u a l l y r e f e r t o the number of separate encapsulations 
whose sensory complements are very v a r i e d (Barker & Banks, 1986). Each 
capsule u s u a l l y encloses a primary sensory ending s u p p l i e d t o a l l three 
types of i n t r a f u s a l muscle f i b r e ( b j ^ c u n i t ) by a group l a a f f e r e n t axon. 
On e i t h e r side of the primary up t o 3 or A secondary endings may al s o be 
s u p p l i e d , mainly t o chain f i b r e s , by about as many group I I axons. Rarely 
a b j b 2 C u n i t may r e c e i v e two l a axons t h a t form a double primary ending. 
Separate encapsulations may be l i n k e d i n tandem by a continuous bag2 
f i b r e and, a t l e a s t i n the c a t , some of them (b2C u n i t s ) l a c k a bag} 
f i b r e ; the p r o p o r t i o n of t h i s type d i f f e r s from one muscle t o another 
(Bakker & Richmond, 1981; Banks et a l . 1982). T h e i r primary endings, 
which are r a r e l y accompanied by secondaries, are s u p p l i e d by a f f e r e n t s 
i n t e r m e d i a t e i n diameter and p r e t e r m i n a l branching p a t t e r n between those 
of T>ib2 c primary and Sj secondary endings (Banks et a l . , 1982; Richmond 
e t a l . , 1986; Kucera & Walro, 1987). 
I n t h i s paper a new measure of r e l a t i v e s p i n d l e abundance i s proposed 
and a comparison i s made of the d i f f e r e n t p r o v i s i o n of s p i n d l e u n i t s and 
t h e i r a f f e r e n t s i n v a r i o u s muscles of the c a t . 
i 
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The usefulness of s p i n d l e density"?as-'a measure ftfi'relative s p i n d l e j 
abundance r e l i e s j i o j v the;;'assumption";that|abs'olute"i spindle'?number should be 
l i n e a r l y r e l a t e d t o muscle s i z e . That t h i s may not be so i s suggested by 
the general occurrence of higher d e n s i t i e s i n sma l l e r homologous muscles 
of d i f f e r e n t species (Table 1) as w e l l as i n the smaller muscles w i t h i n a 
s i n g l e species. Moreover, s i m i l a r l y s i z e d muscles of d i f f e r e n t species 
may e x h i b i t s i m i l a r s p i n d l e d e n s i t i e s : e.g. cat soleus 2.49g, 56 s p i n d l s s , 
23g~ 1 (Chin e t a l . j l 9 6 2 ) ; human abductor p o l l i c i s b r e v i s 2.7g, 80 spindLes, 
29.3g"l (Schulze, '1955). These observations l e d us t o que s t i o n the 
r e l a t i o n s h i p between s p i n d l e number and muscle s i z e , and we have t h e r e f c 
sought evidence f o r i t s nature from p u b l i s h e d data f o r 75 muscles d e r i v e d 
from r a t (4 muscles), Arendt and Asmussen (1974); c a t (29 muscles), Bakker 
and Richmond (1982), Barker (1974), Richmond and Abrahams (1975), Richmond 
and S t u a r t (1985); and man (42 muscles), Hosokawa (1961), Matthews (1972), 
von Hoyer (1963). 
Logarithmic t r a n s f o r m a t i o n of both s p i n d l e number and muscle weight 
y i e l d e d a l i n e a r r e l a t i o n s h i p of the form 
y = 1.58 + 0.32x 
where y i s login, s p i n d l e number and x i s l o g i r j muscle weight i n grams 
( F i g . 1 ) . I t i s now p o s s i b l e t o measure r e l a t i v e s p i n d l e abundance by the 
ext e n t t o which any muscle deviates i n the ric h n e s s of i t s s p i n d l e cont ent 
from the value expected f o r a muscle of the same s i z e . Some examples £ re 
given i n Table 2. To those o f us long c o n d i t i o n e d i n the use of spindLe 
d e n s i t y i t may come as a s u r p r i s e t o f i n d l u m b r i c a l muscles r a t h e r p o o r l y 
s u p p l i e d w i t h s p i n d l e s by t h i s measure. Dorsal neck muscles, however, 
r e t a i n t h e i r p o s i t i o n as having the g r e a t e s t abundance of s p i n d l e s , w i t h 
over f i v e times as many as expected i n i n t e r t r a n s v e r s a r i u s C2-C3 of the 
c a t . 
SENSORY INNERVATION 
We have p r e v i o u s l y shown t h a t the number of secondary endings i n 
bi b 2 C u n i t s of cat h i n d l i m b muscles from a mixed sample dominated by 
tenuissimus and peroneus b r e v i s f o l l o w e d a b i n o m i a l d i s t r i b u t i o n (Banks et 
al.,1982). However, i t was also apparent t h a t the average number of secon-
dary endings per u n i t v a r i e d somewhat i n d i f f e r e n t muscles. We have t h e r e -
f o r e analysed the sensory i n n e r v a t i o n of s p i n d l e s from a v a r i e t y of ax Lai 
and limb muscles of the cat u s i n g teased, s i l v e r - i m p r e g n a t e d p r e p a r a t i > n s . 
Table 1. Spindle-capsule Density i n Homologous Muscles of Rat, Cat and Man. 
Capsule Density ( g - * ) 
Species 
Lumbrical Soleus Gastrocnemius 
I I I (Hand) ( T o t a l ) 
Rat 310.5 40.0 
Cat 173 23 6.5 
Man 12.2 0.94 0.4 
Data from Voss, 1971; Arendt & Asmussen, 1974; Barker 1974 
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Logarithmic' t r a n s f o r m a t i o n s of s p i n d l e number and muscle weight 
are h i g h l y c o r r e l a t e d ( r = 0.69). The l i n e a r r e g r e s s i o n i s shown 
w i t h 95% confidence l i m i t s . 
To avoid b i a s i n g the sample, i t was important whenever p o s s i b l e to use as 
many w e l l - s t a i n e d s p i n d l e s as could be obtained from i n d i v i d u a l muscles. 
The composition of the sample i s given i n Table 3a together w i t h data 
on the p r o p o r t i o n of a l l u n i t s t h a t were of b2C typ e , the p r o p o r t i o n of 
b j b 2 C u n i t s t h a t possessed double primary endings, and the average number 
(a) per b].b2C u n i t of a f f e r e n t f i b r e s i n excess of a s i n g l e l a f i b r e . The 
l a s : f e a t u r e i s expressed i n t h i s way t o take account of the double primary 
end:Lngs and a l s o a small number of 11 f i b r e s t h a t had t e r m i n a l s i n the S\ 
p o s i t i o n s on both sides of some primary endings from extensor d i g i t o r u m 
lon;;us and p o p l i t e u s . Values of 3 ranged from 0.56 i n extensor d i g i t o r u m 
l a t e r a l i s o f the f o r e l i m b t o 3.5 i n complexus of the neck; however, the 
g r e a t e s t number of a f f e r e n t s and endings occurred i n 2 s p i n d l e s from 
popMteus (1 from each muscle sampled) w i t h complements of S2S1PPS1S2S3 
(7 a f f e r e n t s ) and S2S1PPS1S2S3S4 (8 a f f e r e n t s ) . 
Frequency d i s t r i b u t i o n of the number of a f f e r e n t s i n excess of a 
s i n g l e l a d i f f e r e d f o r each type of muscle, but when s e v e r a l complete 
muscles of a s i n g l e type (e.g. peroneus b r e v i s ) were examined the i n d i v i d u a l 
d i s t r i b u t i o n s were a l l s i m i l a r . For each muscle the value of a was used 
t o c a l c u l a t e the corresponding Poisson d i s t r i b u t i o n and a set of b i n o m i a l 
d i s t r i b u t i o n s from which one could be s e l e c t e d t h a t presented the g r e a t e s t 
o v e r l a p w i t h the observed frequency d i s t r i b u t i o n . Whenever th e r e were 
s u f f i c i e n t degrees of freedom a x 2 g o o d n e s s - o f - f i t t e s t was performed t o 
determine i f the observed d i s t r i b u t i o n d i f f e r e d from the c a l c u l a t e d one. 
The r e s u l t s are shown i n Table 3b. I n g e n e r a l , the b i n o m i a l d i s t r i b u t i o n s 
f i t t e d the observed data b e t t e r than d i d the Poisson d i s t r i b u t i o n s , as i s 
p a r t i c u l a r l y c l e a r i n the case of peroneus b r e v i s which was the type most 
e x t e n s i v e l y sampled i n t h a t we were able t o analyse v i r t u a l l y a l l the 
s p i n d l e s from 5 muscles. The complexus sample was s l i g h t l y d i f f e r e n t 
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Table 2. D e v i a t i o n s of A c t u a l Spindle-capsule Abundances from Values 
Expected i n Terms of Muscle Weight. 
Species/Muscle Number D e v i a t i o n 
Expected A c t u a l L i n e a r Log 
C a t / I n t e r t r a n s 32.8 176 5..4 +0.73 
Man/Obi cap i n f 73.6 232 3.2 +0.50 
Cat/Biv c e r v i c i s 45.1 140 3.1 +0.49 
Rat/Soleus 18.8 34 1.8 +0.26 
Man/Bic b r a c h i i 194.3 320 1.6 +0.22 
/Soleus 265.3 408 1.5 +0.19 
R a t / P l a n t a r i s 24.1 35 1.5 +0.16 
Cat/Rect femoris 75.0 104 1.3 +0.14 
/Soleus 50.9 56 1.1 +0.04 
/ I n t V (hand) 23.1 25 1.1 +0.03 
/Gastr m e d i a l i s 71.9 62 0.86 -0.06 
Rat/Gastr m e d i a l i s 34.0 28 0.82 -0.08 
Cat/Lumb I I I (hand) 13.6 7 0.51 -0.29 
Man/Plantaris 80.6 39 0.48 -0.32 
/Lumb I I I (hand) 44.2 20 0.45 -0.34 
Cat/Occipitoscap 33.3 11 0.33 -0.48 
Man/Infraspinatus 183.5 54 0.29 -0.53 
/Thyreohyoideus 47.4 12 0.25 -0.60 
Cat/Infrahyoideus 45.9 6 0.13 -0.88 ! 
A b b r e v i a t i o n s : B i c ( e p s ) ; B i v ( e n t e r ) 
I n t e r t r a n s ( v e r s a r i u s ) ; L u m b ( r i c a l ) ; 
O c c i p i t o s c a p ( u l a r i s ) ; R e c t ( u s ) . 
; Gastr(ocnemius); I n t ( e r o s s e u s ) ; 
O bl(iquus) c a p ( i t i s ) i n f ( e r i o r ) ; 
from the b e s t - f i t t i n g b i n o m i a l d i s t r i b u t i o n , but t h i s may w e l l have been 
due t o sampling b i a s since the number of s p i n d l e s analysed was s m a l l 
compared t o the number present i n a s i n g l e muscle, l a r g e l y because o f the 
poor s t a i n i n g which i s a common problem w i t h d o r s a l neck muscles. 
We f e e l j u s t i f i e d i n concluding, t h e r e f o r e , t h a t the observed d a t j i 
are w e l l described by b i n o m i a l s t a t i s t i c s , so t h a t each jnu s c l e may be 
c l a s s i f i e d two-dimensionally by the parameters n, p ( F i g . 2 ) . Where p .^s 
very small (<0.1) the d i s t r i b u t i o n s Teduce t o Poissoti form, but as p 
increases the advantages of the b i n o m i a l d i s t r i b u t i o n become more apparent. 
This should be. borne i n mind when c o n s i d e r i n g i n t e r o s s e u s ( p = 0.41) f o r 
which t h e r e were i n s u f f i c i e n t degrees of freedom t o t e s t the b i n o m i a l | 
d i s t r i b u t i o n , but whose observed and Poisson d i s t r i b u t i o n s d i f f e r e d only 
s l i g h t l y . 
DISCUSSION 
I n a t t e m p t i n g t o i n t e r p r e t these r e s u l t s i t must be r e c a l l e d t h a t 
the s p i n d l e i s a s t r u c t u r e t h a t i s not e n t i r e l y p u r p o s e - b u i l t from unique 
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F i g . 2. P a i r s of histograms showing observed ( r e a r ) and b e s t - f i t t i n g 
b i n o m i a l ( f r o n t ) d i s t r i b u t i o n s of numbers of a f f e r e n t s (a) i n 
excess of a s i n g l e l a . The histograms are p o s i t i o n e d on the 
g r i d according t o t h e i r b i n o m i a l parameters (n ,p) . Abbreviat 
Comp(lexus); ECL, Extensor caudae l a t e r a l i s ; EDLa, Extensor 
d i g i t o r u m l a t e r a l i s ; I n t ( e r o s s e u s ) ; P o p ( l i t e u s ) ; S o l ( e u s ) ; 
SDL S u p e r f i c i a l and deep l u m b r i c a l ; Ten(uissimus); and as Tahle 3 
components, but i s a makeshift s t r u c t u r e assembled from what i s a v a i l a b l e . 
I n order t o understand which f e a t u r e s are f u n c t i o n a l l y important i n t i e 
a d u l t we must recognize t h a t the s i g n i f i c a n c e of some f e a t u r e s may r e l a t e 
p r i n c i p a l l y t o the way t h a t the s p i n d l e i s c o n s t r u c t e d . 
Our r e s u l t s i n d i c a t e t h a t i n the case of the muscle s p i n d l e the 
p r o p r i o c e p t i v e needs of f u n c t i o n a l l y d i v e r s e muscles are met i n two 
mainly independent ways: i ) v a r i a t i o n s i n the abundance of s p i n d l e s (and 
hence l a a f f e r e n t s ) , and i i ) v a r i a t i o n s i n the p r o p o r t i o n a l balance of l a 
and I I a f f e r e n t s . The a s s o c i a t i o n of I I w i t h l a a f f e r e n t s i s c l e a r l y ] a 
random process, but i t does not seem to depend only on the average number 
of a f f e r e n t s present. One obvious f a c t o r t h a t may a l s o be important i s 
the p e r i o d of time d u r i n g which developing a f f e r e n t s continue to a r r i v e 
at the presumptive s p i n d l e . j 
The other features.considered here, double primary endings and b2C 
u n i t s , might not be independently produced, but might a r i s e as i n e v i t a b l e 
consequences of the developmental programme i n which r e l a t i v e t i m i n g of 
events such as myotube f o r m a t i o n , r e g i o n a l m a t u r a t i o n , and n e u r i t e a r r i v a l 
are c r u c i a l l y important (e.g. M i l b u r n , 1984). For example, i f l a and I I 
a f f e r e n t s d i f f e r e n t i a t e only d u r i n g s p i n d l e development, b2C u n i t s would 
be more l i k e l y t o occur i f there i s h i g h c o m p e t i t i o n among n e u r i t e s ( e i t h e 
sensory/sensory or sensory/motor) f o r a v a i l a b l e t a r g e t s i t e s on primary 
myotubes e a r l y i n development. This can be brought about i f most of the 
a f f e r e n t s a r r i v e at an e a r l y stage (which perhaps gives r i s e t o a d i s t r i b u 
t i o n w i t h h i g h n and low p, e.g. extensor d i g i t o r u m l o n g u s ) ; or i f t h e r e 
i s simply a very l a r g e number of a f f e r e n t s (e.g. complexus). This o f f e r s 
an a l t e r n a t i v e e x p l a n a t i o n f o r the occurrence of b2C u n i t s i n cat muscles 
t o the s p e c i f i c f u n c t i o n a l r o l e t h a t has been p o s t u l a t e d (Richmond efr a l . 
1986), and t h a t could j u s t as e a s i l y be played by secondary endings. 
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SPECIFICITIES OF A F F E R E N T S REINNERVATING CAT MUSCLE 
SPINDLES A F T E R N E R V E SECTION 
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SUMMARY 
1. We have made quantitative assessments of the sensory reinnervation and 
recovery of peroneus brevis muscle spindles following section and epineurial repair 
of the common peroneal nerve. After 6-50 weeks recovery, single-unit, dorsal-root 
recordings were made of the responses to ramp-and-hold or sinusoidal stretch of 
the reinnervated spindles, which were subsequently examined in teased, silver 
preparations. 
2. Assessments of recovery used data obtained from cross-union experiments in 
which foreign afferents (including l b ) were given the opportunity of reinnervating 
spindles in the absence of their native ( l a , spindle I I ) afferents; and from an 
examination of tenuissimus spindles reinnervated by l a and spindle I I afferents in 
the absence of l b afferents. These studies revealed: (i) that regenerating l b afferents 
can terminate in sites originally occupied by the endings of l a or spindle I I afferents, 
and respond to stretch like normal l a and spindle I I afferents; (ii) that l b and 
spindle I I afferents reinnervating spindles are histologically identical apart from 
diameter range; and (iii) that some cutaneous afferents can reinnervate spindles and 
give highly abnormal, phasic stretch responses. 
3. Recovery of afferents reinnervating spindles was marked by increases in 
conduction velocity and proportions firing tonically, but their firing rates at the 
three phases of ramp-and-hold stretch were considerably lower than normal and 
showed no tendency to increase. 
4. Some relatively fast afferents that gave spindle II-type responses were identi-
fied as l b afferents reinnervating secondary-ending sites; conversely, some relatively 
slow afferents that gave la-type responses were identified as spindle I I afferents 
reinnervating primary-ending sites. 
5. The estimated loss of spindle afferents from tenuissimus after nerve section 
(52% l a , 49% spindle I I ) was considerably less than the estimated loss of these 
afferents from peroneus breyis after section of the common peroneal nerve (79% l a , 
86% spindle I I ) . The proportion of spindles in tenuissimus reinnervated by free-
endirig afferents was also much lower (22%) than in peroneus brevis (73%). These 
differences are partly attributed to the greater size and degree of afferent complexity 
of the common peroneal nerve. 
6. Similar proportions of spindles in peroneus brevis were reinnervated by l a and 
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l b afferents after both partial (27% l a , 20% l b ) and complete (21% l a , 20% l b ) 
section of the common peroneal nerve. 
7. I n discussing our results in relation to the work of others we conclude that when 
1 l a , spindle I I and I b afferents regenerate after nerve section, some make random and 
; functional reconnections, which, by virtue of their dual cell specificity for intrafusal 
muscle fibres and collagen, can be with either spindles or tendon organs. 
INTRODUCTION 
The afferents that innervate mammalian skeletal muscle terminate in muscle 
spindles (as primary and secondary endings), tendon organs, and paciniform 
corpuscles, and end freely around blood vessels and in fat and connective tissue. 
Free-ending afferents are the most common; among the rest, secondary (spindle I I ) 
afferents occur more frequently than either primary ( la) or tendon-organ (lb) 
afferents, and paciniform afferents are always scarce (Barker, 1974). The ability of 
afferents to regenerate after nerve section raises questions about their specificity 
that can only be answered on the basis of a substantial knowledge of their normal 
histological and physiological properties, such as now exists for spindle afferents. 
Does the spindle have to be reconnected with the same types of afferent it received 
before the injury to function successfully? Can 'foreign' afferents be distinguished 
histologically from 'native' afferents in the reinnervated receptor? I f foreign 
afferents can reinnervate, can they also substitute functionally for native afferents ? 
I f so, to what extent? 
We were confronted by such questions when trying to assess the reinnervation 
and recovery of spindles in peroneus brevis after section and suture of the common 
peroneal nerve. We sought answers in two ways: by devising nerve cross-union 
experiments in which foreign afferents ( lb, free-ending, pacinian, cutaneous) were 
given the opportunity of reinnervating spindles in the absence of their native 
afferents ( la , spindle I I ) ; and by examining spindles reinnervated by their native 
afferents in a muscle that lacked a supply of l b afferents. The main answers were: 
(i) that foreign afferents are able to reinnervate spindles, but only with their own 
kinds of terminal; (ii) that regenerating l b afferents can terminate in sites originally 
occupied by the endings of l a or spindle I I afferents, and respond to stretch like 
normal l a and spindle I I afferents; (iii) that l b and spindle I I afferents reinnervating 
spindles are histologically identical apart from diameter range; and (iv) that some 
cutaneous afferents can reinnervate spindles and respond to stretch. 
This information helped us to understand the stretch-response behaviour of 
peroneus brevis spindles reinnervated after nerve section, and enabled us to make 
quantitative assessments of their reinnervation by native and foreign afferents. 
Since the common peroneal nerve is musculocutaneous we were also able to make 
comparisons between recoveries achieved after its complete section and suture, 
with those achieved after section of two muscle-nerve fascicles only. 
While this work was in progress, Collins, Mendell & Munson (1986) were studying 
the specificities of afferents reinnervating spindles after nerve section by recording 
their central actions. B y ascertaining whether the reinnervating afferent was able 
(la, some spindle I I ) or unable ( lb) to generate field potentials in the appropriate 
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motoneurone pool, they showed that l b afferents were involved in spindle reinner-
vation, and thus confirmed our preliminary report of this finding from cross-
union experiments (Banks, Barker & Stacey, 1984). Preliminary reports of some 
of the other results have also been published (Banks & Barker, 1983; Banks, 
Barker & Brown, 1985; Banks & Barker, 1986; Banks, 1987; Banks, Barker & 
Sticey, 1988). 
METHODS 
Fifty-six 1-5—3-7 kg adult cats of either sex were used, ten in various types of control experiment, 
the| rest at recovery times ranging from 6 to 50 weeks after preparative surgery. For all surgical 
and experimental procedures anaesthesia was induced with sodium pentobarbitone (Sagatal, 
45 mg kg - 1 , i.p.) and was maintained during surgery with halothane (Fluothane) by inhalation 
or, [during acute experiments, by Sagatal given intravenously as required. 
Surgery. Five types of surgical procedure were applied unilaterally as follows (number of animals 
and recovery times in parentheses after each): (i) complete section of the common peroneal nerve 
about 4 mm proximal to its point of entry into gastrocnemius, followed immediately by repair with 
about ten epineurial sutures, care being taken to preserve the fascicular alignment as far as possible 
(23,; 6-50 weeks); (ii) section at the same site of only those fascicles that supply the peroneus brevis 
and tertius muscles, followed immediately by repair with one or two epineurial sutures (13; 6-50 
weeks); (iii) section at the same site of the same fascicles as (ii) together with one of the large 
cutaneous fascicles that constitute the superficial peroneal nerve, followed immediately by cross-
union with two sutures of the proximal cutaneous and distal muscular stumps and by resection of 
the two remaining stumps (3; 16-22 weeks); (iv) section within a branch of the tibial nerve of 
the fascicles that form the interosseous and flexor digitorum longus ( F D L ) nerves, followed 
immediately by cross-union with one suture of the proximal interosseous and distal muscular 
stumps and by resection and ligation of the remaining two stumps (7; 10-20 weeks); (v) section 
without repair of the fascicle that forms the tenuissimus nerve just proximal to its point of exit 
from the sciatic nerve (6; 23-24 weeks). All sections were made with fine scissors, and all sutures 
were made with 10/0 polyamide. 
The early results from the interosseous-FDL cross-union experiments showed that there was 
reinnervation from the proximal stump of the F D L nerve in addition to that from the interosseous 
nerve, presumably because of the size disparity between the cross-united fascicles. This was 
actually beneficial for the physiological aspect of the experiments, since the muscle would twitch 
on stimulation of the F D L nerve distal to the lesion due to the restored motor innervation, and any 
F D li afferents that might have returned could be effectively removed by sectioning the proximal 
stump of the F D L nerve. But for the histology such 'contaminating' F D L afferents could only be 
removed by a second operation in which an attempt was made to section the F D L nerve proximal 
to the cross-union. The animal then recovered for 1 week to allow time for any restored F D L 
affe;-ents to degenerate. This had to be done at the original site, now obscured by scar tissue, and 
was consequently much more difficult than during the radical dissection for physiology. I t is 
therefore possible that in order to avoid damage to the interosseous nerve not all of the 
'contaminating' reinnervation was removed. The histological data include results from two cats 
in wfhich the second operation was carried out. 
Neurophysiology. For the acute part of each experiment the reinnervated peroneus brevis 
(procedures (i)-(iii)), or F D L muscle (procedure (iv)), was exposed and the rest of the hindlimb 
extensively denervated. Recordings were made from filaments of the appropriate dorsal and 
ventral roots, which were cut close to the spinal cord. Surgically-exposed surfaces were covered 
with pools of warm mineral oil, and the animal's core temperature was maintained at 37 + 1 °C. 
Theimuscle was attached by its freed distal tendon to a servo-controlled electromagnetic puller 
(Ling Dynamics), which was used to apply ramp-and-hold stretches of 1-8 mm amplitude at three 
different rates (2-5, 5 or 10 mm s"1) up to maximum physiological length. Initial muscle length was 
set in this way rather than by reference to spindle output, since the method was accurately 
reproducible at the start of each experiment, whereas the effects of denervation and reinnervation 
on spindle responses could not be predicted. In some cases sinusoidal stretches of 100 /im maximum 
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amplitude at 100 Hz were also used. Responses of more than three or four spikes were recorded on 
magnetic tape for later analysis. Whenever possible, afferents were identified as of tendon-organ 
or muscle-spindle type according to whether they tended to fire during or after a muscle twitch 
evoked by stimulating electrodes in contact with the muscle nerve. Direct responses of the afferent 
t o this stimulation were used to obtain its latency and to verify that it was functionally single. At 
t he end of each experiment the nerve length between the recording electrodes on the dorsal root 
£ nd the stimulating electrode on the muscle nerve was measured post-mortem. Normal preparations 
c f peroneus brevis (5). F D L (1), flexor hallucis longus (3). and the superficial peroneal nerve (1) were 
used as control experiments. 
Spindle afferents (la, I I ) of control muscles normally fired tonically at the initial muscle length. 
] t is convenient to refer to the mean rate of such firing as ' the tonic discharge'. In general, the firing 
rate reached a local peak at the end of the ramp phase of stretch when the muscle reached 
maximum physiological length. For normal afferents this peak always increased with greater rates 
c f stretch, and usually, but not invariably, did so for regenerated afferents. The range of dynamic 
i ndex, referred to in the Results, was therefore taken as the difference between the maximum and 
minimum dynamic indices irrespective of rate of stretch. During the hold phase of stretch the firing 
rate declined rapidly, then more slowly, to settle eventually at a maintained level higher than the 
t onic discharge. I t is convenient to refer to the level of maintained firing 05 s after the end of the ramp 
as :the static discharge', this value being obtained by interpolation of instantaneous frequency 
\. lots. The difference between the local peak level at the end of the ramp and the static discharge 
is then a measure of the dynamic index as defined by Matthews (1972). 
In some experiments intrafusal motor effects were sought by stimulating ventral-root filaments 
at 50 Hz while recording from afferents identified as reinnervating spindles at various recovery 
stages from 16 to 50 weeks. When a possible effect occurred the filament was subdivided until a 
functionally single efferent was present, and its effect was then examined more systematically. 
Histology. The experimental muscle was removed post-mortem and processed for silver staining 
using the technique of Barker & Ip (1963) with the modifications reported by Barker, Scott & 
S tacey (1985). The reinnervation of spindles was then examined in teased preparations. Preliminary 
observations of the endings regenerated by afferents reinnervating peroneus brevis spindles after 
s 3ction of the common peroneal nerve showed that their form was either free or annulospiral. When 
t le source of the reinnervating afferents was restricted to cutaneous free-ending afferents (surgical 
procedure (iii) above) the spindles contained regenerated free endings only. This suggests that the 
regenerated form of an afferent ending resembles its normal form. On this basis we have assumed 
t.iat regenerated annulospiral endings reinnervating peroneus spindles after section of the common 
peroneal nerve belonged to annulospiral muscle afferents ( la, l b or spindle I I ) . 
The interosseous-FDL cross-union and tenuissimus experiments established the ability of 
regenerating l b afferents to terminate in spindles in sites originally occupied by primary (la) or 
secondary (II) endings, and showed that only l a afferents were able to regenerate primary endings 
with transverse terminal bands around the nuclear bags. This feature, taken together with axon 
d lameter measured near spindle entry after 12 weeks or more recovery, made it possible to identify 
primary endings regenerated by l a afferents in peroneus brevis spindles reinnervated after nerve 
section, and to distinguish them from primary endings regenerated by l b or spindle IT afferents. 
The diameter range of thirty-seven regenerated afferents identified as l a was 35-7-5/*m, mean 
5'4/tm; a sample of sixty-six normal peroneus brevis l a afferents had a diameter range of 
4 0-12-5/im, mean 7 0 fim. 
The similarity of location and terminal form of l b and spindle I I afferents meant that they could 
be identified histologically in the reinnervated peroneus brevis spindles only on the basis of their 
diameters. The diameters of normal peroneus brevis l b and spindle I I afferents measured near to 
receptor entry fall mostly into two groups: large/medium (lb) and medium/small (II) , with partial 
separation at around 3-5-4-0 /<m (fig. 11 A and C). Thus, 77-7% of sixty-three spindle I I afferents 
(diameter range 1-7—6-8 /tin, mean 30 /tm) had diameters ^ 3 5 fim, as against only 9-3% of forty-
triree l b afferents (diameter range 2-5-8-5'/*m, mean 5-5 /tm). Our interosseous-FDL cross-union 
and tenuissimus experiments showed that after nerve section and full recovery the intramuscular 
dijameters of regenerated l b and spindle I I afferents decreased in range and increased in overlap 
(F\\g. 11 B and D). Hence, 44% of regenerated interosseous l b afferents (diameter range 
1-75-7-25 fim, mean 3 9 fim, n = 50) had diameters <3-5 /tm as compared with 76% of regenerated 
tenuissimus spindle I I afferents (diameter range 1-6-4-8 fim, mean 3-0 fim, n = 45). 
•i 
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!t follows that Ib/spindle I I afferents with diameters > 3o /tm are more likely to be l b than I I . 
and those < 3 5 /tm are more likely to be I I than lb . In order to obtain approximate estimates of 
the numbers of the two types of afferent engaged in peroneus brevis spindle reinnervation, we have 
identified all afferents with diameters < 3 5 /tm as spindle I I , and all above that as lb , thus 
producing fifty l b and eighty-two I I from a total of 132 I b / I I afferents. The alternative of 
adopting 3-0 /tm as a segregating diameter would have resulted in identifying sixty-nine as l b and 
six ^y-three as I I , but it seems unlikely that more I b than spindle I I afferents would have succeeded 
in -einnervating spindles, especially since spindle I I afferents outnumber l b afferents in normal 
peroneal nerves by 1-5—1-75:1 (Scott &• Young, 1987). 
In using these criteria for the identification of regenerated l a . I b and spindle I I afferents we 
acknowledge that any l a afferent that may have reinnervated a secondary site would have been 
identified as I I if its diameter was 3 5 /tm (only one of the thirty-seven afferents identified as l a 
was of this diameter), or I b if its diameter was > 3 5/tm. The results given for the afferent 
reinnervation of peroneus brevis spindles after complete or partial section of the common peroneal 
nerve represent data pooled from several experiments, as follows: complete section, nine animals 
with recovery periods of 12 (2), 16 (2). 20, 30, 40 and 50 (2) weeks; partial section, four animals with 
recovery periods of 20, 30, 40 and 50 weeks. The analysis was restricted to spindles with all three 
typ e^s of intrafusal muscle fibre (bLb,c units). Doubt about the ending form of a regenerated 
annulospiral afferent, or inability to measure its axon diameter, resulted in eleven (6% of the total) 
remaining unidentified. 
R E S U L T S 
Complete or partial section of the common peroneal nerve 
Sequence of recovery 
Afferents were present in the nerve to peroneus brevis at the earliest time (6 weeks) 
investigated after the operation. No attempt was made to count those giving only a 
direct response to electrical stimulation, but initially they were very much more 
numerous than those responding to muscle stretch or contraction, and there were 
ahjays some present. The total number of afferents responding with at least one 
spike to muscle stretch or contraction at all stages of recovery amounted to 566 
(see Table 1 A) . They increased from an average of seven per muscle at 6 weeks to 
eighteen per muscle at 7 weeks, and by 8 weeks had reached the same number, 
twonty-six per muscle, as the pooled average for all the subsequent recovery stages. 
Thsre was no significant difference, in this respect, between recovery following 
section of the whole common peroneal nerve and that following section of only the 
fascicles supplying peroneus brevis and tertius (although the highest number from a 
single experiment, sixty, was obtained 40 weeks after such a partial section). 
Conduction velocities recovered most rapidly in the earliest post-operative 
periods, and the rate of recovery declined progressively until the 20-30 week 
period when the maximum attainable velocity was reached, as illustrated by 
thei conduction velocities of the fastest afferent present at each stage (Table I B ) . 
I n this case the maximum velocity was 85% of the corresponding control value. 
There was considerable variation in the proportions of unidentified afferents as 
against those identified as reinnervating spindles or tendon organs, so that the only 
clear trend to emerge in the later stages of recovery was the increase in the pro-
portion of afferents identified as reinnervating spindles at the expense of unidentified 
afferents (Table 1 C - E ) . Following complete nerve section at least 7% of afferents 
were always unidentified, but after partial section there were no unidentified 
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i 
affeijents in three of the later recovery stages. The increase in the proportion of 
.affeijents identified as reinnervating spindles was probably due to a corresponding 
'change in their excitability, shown, for example, by the greater number that were 
tonically firing later in recovery (Table I F ) . I n the pooled results from the 12-4:0 
week recovery stages after partial section 98% of afferents were identified, 54% as 
reinnervating spindles, 44% as reinnervating tendon organs. This represents a 
considerably lower ratio of spindle: tendon-organ afferents than would be expected 
from' a normal muscle (control values, 73% spindle, 27% tendon organ). 
Tonically firing, regenerated afferents in spindles had lower mean firing rates than 
a sample of normal l a and spindle I I afferents under the same conditions of muscle 
stretch in relation to maximum physiological length of the muscle. They showed no 
tendency to improve in this respect throughout the recovery period (Fig. 1.4). 
Distribution of conduction velocities at later recovery stages 
The distribution of conduction velocities for all mechanosensory afferents present 
at recovery stages 30-50 weeks is shown in Fig. IB. I t is unimodal with a peak at 
aboijit 50 m s"1. Unidentified afferents mostly conducted at less than 60 m s _ 1 . 
Afferents identified as reinnervating tendon organs, and those identified as 
reinnervating spindles, are shown in Fig . 1C and D, respectively. The distribution 
for afferents reinnervating tendon organs is very peculiar, with a large majority 
conducting at less than 60 m s _ 1 and perhaps a small separate group conducting at 
more than 70 m s - 1 . Conduction velocities of afferents reinnervating spindles were 
slighltly bimodal with a major peak at 60-70 m s - 1 and a subsidiary peak at 
40-5;0 m s _ 1 . I n control experiments (Fig. IE) group l a peaked at 80-90 m s _ 1 and 
group I I at around 30 m s _ 1 with a very clear distinction between the two groups. 
Responses of afferents reinnervating spindles to ramp-and-hold stretch 
Examples of responses to ramp-and-hold stretches of normal l a and spindle I I 
afferents, and of afferents reinnervating spindles, are shown in Fig. 2. Normal l a 
afferents characteristically show a large initial burst soon after the start of the ramp, 
fire irregularly, and fall silent at the onset of release (Fig. 2^4); whereas spindle I I 
afferents have a small initial burst often seen only as an inflexion in the rising phase, 
fire regularly, and often maintain firing during release (Fig. 2B). Corresponding 
types of response were obtained from some reinnervated spindles (Fig. 2C and D), 
but many regenerated afferents exhibited various abnormalities, the most common 
of which were: lack of a tonic discharge (Fig. 2E); a spindle I L t y p e response 
associated with a relatively fast conduction velocity (Fig. 2F); a la-type response 
associated with a relatively slow conduction velocity (Fig. 2G); and the lack of a 
sustained static response during the hold phase of stretch (Fig. 2H). I n the early 
recovery period (6-12 weeks) 31 % of all afferents identified as reinnervating spindles 
were of this last type. Their proportion fell to less than 2% in the later period 
(16-40 weeks) after partial nerve section; however, after complete nerve section 
the proportion remained rather high (13%, 16-50 weeks) and showed no tendency 
to fall throughout the later period. Other, rare types of abnormality were : firing 
in rather regularly repetitive bursts, unconnected to arterial pulse; very high 
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Fig. 1. A, mean firing rates ( + 95% confidence limits) of tonically firing peroneus brevis 
spindle afferents at various recovery stages 8-50 weeks after complete or partial section of 
the common peroneal nerve. Mean rates of.combined total shown below compared with 
those of control sample. Muscles were stretched by 1-8 mm up to maximum physiological 
length. Filled bars, tonic discharge; stippled bars, static discharge after 0-5 s at extended 
length; open bars, dynamic peak discharge at end of 5 mm s _ 1 ramp. B-E, distribution of 
afferent conduction velocities. B, all regenerated mechanosensory afferents from 30-50 
week recovery stages innervating peroneus brevis after complete or partial section of the 
common peroneal nerve. Filled area, afferents of unidentified type. C and D, afferents 
responding as from tendon organs (C), and those responding as from spindles {D). Filled 
areas, afferents from the partial-section experiments. E, control sample of peroneus brevis 
spindle afferents. 
length sensitivity associated with a small dynamic index; and the occurrence of a 
t)rief burst of firing at the onset of release. 
Despite these abnormalities, certain properties of the dynamic and static phases 
i }f the responses of regenerated afferents in spindles were essentially similar to the 
corresponding properties of normal spindle afferents, whether l a or I I . Thus in both 
cases although the range of dynamic index varied considerably, it was strongly 
correlated (r = 0-85 control, 0-73 regenerated) with the dynamic index of medium 
velocity (5 mm s - 1 ) ramps (Fig. 3^4). I t is not self-evident why this should occur, so 
t he fact that the slopes of the calculated regression lines differed highly significantly 
(P < G 01) from zero, whilst those of the regenerated and control afferents did not 
REINNER VA TION OF SPINDLES AFTER NER VE SECTION 353 
A Control, 78-7 m s \ primary E 50 weeks, 61-5 m s
 1 
l i i l " 
B Control, 27-4 m s \ secondary F 40 weeks, 62-9 m s 1 
C 50 weeks, 72-5 m s' -1 G 40 weeks, 47-8 m s~ 1 
D 40 weeks, 28-9 m s - 1 H 50 weeks, 34-4 m s " 1 
5 mm s 1 
100 impulses s 1 
1 s 
Fig. 2. Examples of responses to ramp-and-hold stretches applied at 5 mm s"1 (base of 
each column) of normal peroneus brevis spindle afferents (A and B), and of afferents 
re'innervating peroneus brevis spindles after section of the common peroneal nerve at the 
recovery stages indicated {C-H). Each example shows the activity recorded from the 
dorsal-root filament; below this, its instantaneous-frequency transformation and, at the 
bottom, the baseline zero of instantaneous frequency (lowest level of heavy line; upward 
sh'ifts are artifacts). A, control l a . B, control spindle I I . C, l a type. D, spindle I I type. 
E\ without tonic discharge. F, relatively fast afferent with spindle II-type response. G, 
relatively slow afferent with I a-type response. H, phasic type responding to ramp only. 
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I differ significantly from each other, may be taken as evidence of an essentially 
normal mechanosensory transduction in the regenerated afferents. Note, however, 
that highly abnormal regenerated afferents are excluded from consideration since 
the existence of a dynamic index implies a maintained response for at least 0-5 s 
cluring the hold phase of stretch. For tonically firing afferents the static and tonic 
discharges were also strongly correlated (r = 0*70 control, 0-49 regenerated, Fig . SB) 
and again the slopes of the fitted linear regressions differed highly significantly 
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Fig. 3. Plots of certain response characteristics of normal peroneus brevis spindle afferents 
(®) . and those of afferents reinnervating peroneus brevis spindles 40-50 weeks after 
section of the common peroneal nerve (O)- Regression lines are shown for the combined 
normal and regenerated populations. ^4, plots of range of dynamic index for 2-5, 5 and 
10 mm s"1 ramp stretches against dynamic index of 5 mm s"1 stretches. B, plots of static 
discharge after 0-5 s at extended length against adapted tonic discharge before stretch. 
(P < 0 01) from zero, whilst those of the regenerated and control afferents were not 
significantly different. 
In three-dimensional plots of dynamic index, range of dynamic index, and 
conduction velocity, control l a and spindle I I afferents were clearly segregated by 
velocity, but the dynamic response properties of the group I I afferents coincided 
with the low end of the l a range (Fig. 4A). Regenerated afferents showed no clear 
segregation by conduction velocity, and there was a predominance of low-dynamic 
responses even among the faster-conducting afferents (Fig. 4 5 ) . I t was therefore 
necessary to examine other properties of the responses of the tonically firing 
regenerated afferents to assess more precisely their similarity to l a - or spindle I I -
type responses and the extent to which the relationship with conduction velocity was 
abnormal. 
| The difference between the amplitudes of the initial burst and the static discharge 
of an afferent was found to be a particularly sensitive indicator of l a - and spindle I I -
type responses in normal spindles, being generally greater for l a than for I I afferents, 
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and laving a maximal segregation at about a difference of 35 impulses s"1 (Fig. 5.4). 
Afferents-from reinnervated spindles exhibited the full range of initial burst-static 
discharge difference, but the distribution with conduction velocity was grossly 
^bnormal (Fig. 5B). Arbitrarily dividing them into fast ( > 5 0 m s - 1 ) and slow 
V < 50 m s _ 1 ) groups, it was found that 35% of the fast group had differences < 35 
impulses s _ 1 , and 45% of the slow group had differences > 35 impulses s - 1 . This 
cannot be attributed merely to a blurring of the distribution at intermediate 
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Three-dimensional plots of range of dynamic index for 2-5, 5 and 10 mm s"1 ramp 
stretches against conduction velocity and dynamic index for: A, normal peroneus brevis 
spindle afferents; and B, those reinnervating peroneus brevis spindles 40-50 weeks after 
section of the common peroneal nerve. 
conduction velocities, since the same effect was found if only the extremes ( < 30, 
> 70 m s *) of the conduction velocity range were considered. 
Resptmses of afferents reinnervating spindles to small-amplitude sinusoidal stretch 
Confirmation of the existence of the abnormal association of response properties 
with conduction velocity in regenerated afferents was sought using sinusoidal 
stretch. Brown, Engberg & Matthews (1967) showed that normal l a afferents can 
be selectively driven to fire at the same frequency as the stimulus by very small 
sinusoidal stretches. I n a control experiment we found that twenty-five of thirty 
spindle afferents were driven in this way .and twenty-three were probably l a , 
conducting at more than 60 m s"1. All five of the afferents that were not driven 
conducted at less than 60 m s _ 1 . Following reinnervation after complete section 
of the common peroneal nerve fifty-three of eighty-two low-threshold afferents 
reinnervating spindles were driven, but twenty of them conducted at less than 
50 m s - 1 and of these eleven had initial burst-static response differences of at least 
35 impulses s"1. Conversely, of eight afferents that conducted at more than 50 m s - 1 
and were not driven, six had initial burst-static response differences of less than 35 
impulses s _ 1 . 
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Jhtor reinnervation 
Although the main purpose of these experiments was to study sensory reinner-
v.tiojft., some observations were made on regenerated motor fibres. The distri-
bitior: of their conduction velocities in four experiments from recovery stages 
3< ai,id40 weeks was bimodal with sharp peaks at 20-25 and 60-65 m s"1. 
Oil 7 eighteen efferents that on stimulation elicited possible intrafusal effects, seven 
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Fig. 5. Plots of the difference between the peak firing rate of the initial burst of the 
response to a 10 mm s - 1 ramp and the static discharge, against conduction velocity, for: 
A, normal peroneus brevis spindle afferents; and B. afferents reinnervating peroneus 
brevis spindles 40-50 weeks after section of the common peroneal nerve. 
hud slow ( < 40 m s _ 1 ) conduction velocities and did not produce visible contraction 
of the muscle. They all had static or mixed effects (Fig. 6 .4-0); no slow dynamic 
ef-erents were found, despite a specific search for them in three experiments. The 
remaining efferents had fast ( > 40 m s"1) conduction velocities and usually produced 
some visible contraction of the muscle. This could be abolished by tetanizing the 
motor unit for 1 min at 200 Hz , after which a dynamic effect persisted in four cases 
(Eig. 6D-F). Static effects were always abolished by this treatment so it was not 
po ssible to attribute them specifically to extra- or intrafusal contraction. 
Preliminary histological observations 
The endings of normal spindle and tendon-organ afferents are mainly annulospiral 
in form. Regenerated annulospiral endings were present in some spindles and tendon 
organs from the earliest recovery stage, but in addition there were many of wholly 
abnormal appearance which ramified freely in tendon organs or in the equatorial and 
polar regions of spindles (Plate 1.4). Following complete nerve section all spindles 
contained one or both types of regenerated ending from the 7 week recovery stage 
onwards, whereas many tendon organs remained completely denervated (Banks et al. 
1985). Annulospiral endings were present in 49% of these spindle capsules (n = 139), 
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A 20 weeks, 71-1 m s" D 30 weeks, 68-4 m s" 1 
B 
'•i-J. 
.1 
100 
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i 5 mm s 
Fig. 6. Responses to ramp-and-hold stretch of two relatively fast la-type afferents (A-C 
and D-F) reinnervating peroneus brevis spindles (recovery periods after nerve section and 
conduction velocities as indicated) with concurrent motor stimulation (B, C, E and F), 
and without {A and D). B and C, with stimulation of a static y-axon (conduction velocity 
16-3 m s _ 1 ) at 10 Hz {B) and 100 Hz (C). E and F, with stimulation of a /?-axon 
(conduction velocity 68-4 m s - 1 ) at 100 Hz before (E) and after (F) tetanization for 60 s to 
expose the intrafusal dynamic effect. 
and free endings in 73%. Following partial nerve section the number of capsules 
with annulospiral endings was higher (68%, n = 109), whereas the number with 
free endings was much less (38%). 
Cross-union experiments 
Cross-Bunion of common peroneal nerve fascicles 
Sin6e free endings were particularly common in spindles after complete nerve 
section, it seemed likely that they were mostly of foreign origin, probably from the 
fascicles supplying the cutaneous superficial peroneal branch of the common peroneal 
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nerve. This was tested in three cats by cross-uniting one of the cutaneous fascicles 
with the fascicles supplying peroneus brevis and tertius. 
I n a control experiment most of the mechanoreceptors in the normal superficial 
peroneal nerve were found to be various types of hair-follicle afferent together with 
some slowly adapting skin afferents. There were some tonically firing units that gave 
no response to mechanical stimulation. The receptive field of the posterior fascicle 
was the hairy skin of digits I I I , I V and V, and the dorsum of the foot. Receptive 
fields of individual afferents were mostly on the edge of the hairy skin adjacent to 
the foot pad. 
j Peroneus brevis was investigated 16-22 weeks after the fascicular cross-union. The 
muscles were much reduced in size and did not twitch in response to stimulation of 
their nerves. The distribution of conduction velocities of 120 regenerated afferents 
was unimodal with a broad peak around 40 m s _ 1 . There was some evidence of 
functional specificity, since most of the afferents responsive to muscle stretch 
conducted at 40 m s _ 1 or above, whereas most non-responsive ones conducted at 
< 40 m s"1. Ramp-and-hold stretch (5 mm s~\ 1-8 mm) elicited one or more spikes 
in forty afferents. Additionally, four units responded to localized probing of the 
muscle belly, but not to stretch. Multiple-spike responses were mostly phasic; when 
tonic responses were present they were usually weak (Fig. 7). 
On subsequent histological examination of the muscles, motor endings and 
annulospiral afferent terminals were absent and spindles contained freely ending 
afferents of various diameters and terminal form. 
Cross-union of interosseous and FDL nerves 
We therefore assumed that the annulospiral endings restored to some peroneus 
brevis spindles in the nerve section experiments had been regenerated by annulo-
spiral muscle afferents ( l a , I b or spindle I I ) , but there remained the possibility that 
some were of a type inappropriate to their new locations. I n order to test whether 
tendon-organ (Ib) afferents could regenerate annulospiral endings in spindles we 
cross-united the interosseous and F D L divisions of the tibial nerve. 
According to Hunt & Mclntyre (1960) the group I and I I afferents in the cat's 
interosseous nerve are derived mainly from tension and vibration receptors. Barker 
(1962) identified these as tendon organs and pacinian corpuscles, respectively, and 
found that the nerve contained 150-200 myelinated afferents. These supplied an 
ajverage of eighteen tendon organs, sixty pacinian corpuscles, three spindles and an 
indeterminate number of free endings in the interosseous membrane and flexor 
h'allucis longus muscle. The proportion of spindle afferents present was challenged 
bjy Yeo (1976), who claimed to have found thirty-eight in a sample of 207 fibres. 
However, Harrison & Johannisson (1983) could find no evidence for this when 
recording monosynaptic E P S P s from F D L motoneurones, and they concluded 
that the interosseous nerve contained 'a very small number' of l a afferents. 
I n three control experiments we recorded from L 6 and L 7 dorsal-root filaments in 
normal cats with the left hindlimb extensively denervated except for the interosseous 
and flexor hallucis longus branches of the tibial nerve. Of 132 groups I and I I 
afferents forty-three were from spindles and all were located in the flexor hallucis 
longus nerve; fifty-eight were from tendon organs, thirty in the flexor hallucis longus 
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nerve and twenty-eight in the interosseous nerve; and twenty-two were from 
)acinian corpuscles, all in the interosseous nerve. The remaining nine afferents were 
unidentified type, usually giving no response to mechanical stimulation, and 
/mostly (8) located in the interosseous nerve. The distribution of conduction velocities 
II these afFerents is shown in Fig. 8A-D. 
A 20 m s _ 1 
D 25 m s"1 
B 61 m s"1 
E 49 m s" 
5 mm s 
C 41 m s-1 100 
impulses s _ 1 
0-5 s 
Fig. 7. Examples of responses of regenerated superficial peroneal afferents to ramp-and-
lold stretch of peroneus brevis following partial section of the common peroneal nerve and 
ijross-union of the cutaneous and muscle fascicles. Most were of the phasic type {A and B); 
examples shown are from the extremes of the conduction-velocity range. Afferent C 
iihowed a weak tonic response to stretch (left), but a brisk response to localized probing 
of the muscle (right). Several afferents showed a weak phasic-tonic response, as in D, but 
only one {E) gave a response resembling that of a normal spindle afferent. 
We therefore confidently proceeded with the interosseous-FDL cross-unions, but 
found that, perhaps because of the disparity in size between the cross-united nerves, 
FDl ! reinnervation occurred from the proximal stumps of both the interosseous and 
FDL; nerves. This necessitated the later removal of the homonymous reinnervation 
1 week before histological examination, or its interruption at the time of the acute 
physiological experiments (see Methods). 
Composition of the cross-united interosseous and FDL nerves 
judged by their responses, many (31/79) interosseous afferents appeared to 
reinnervated FDL spindles after cross-union, and presumably were in func-
As 
have 
tional contact with intrafusal fibres. The remaining afFerents included some that 
were identified as reinnervating tendon organs or pacinian corpuscles, but most did 
not respond to ramp or sinusoidal stretch or muscle twitch. The distribution of the 
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conduction velocities of all these afferents is shown in Fig. 8E and F. All the afferents 
that appeared to have reinnervated intrafusal fibres were relatively fast (mean 
73-7 m s _ 1 ± 8-18 s.D.)and therefore had presumably previously innervated tendon 
organs (mean conduction velocity of interosseous l b afferents 77-2 m s _ 1 ±6-98 S .D.; 
pacinian I I afferents, 51-5 m s - 1 + 5-22 S .D.) . 
3 0 - i 
A Spindles 6 Tendon organs 
C Pacinian D Other 
0 5 10 XI 
E 
0 J 
10-
E Spindles, interosseous-FDL cross F Other, interosseous-FDL cross 
100 20 
Conduction velocity (m s~1) 
100 
Fig. 8. Histograms of afferent conduction velocities. A-D, afferents in normal flexor 
hallucis longus (shaded) and interosseous (unshaded) nerves innervating spindles (^4), 
tendon organs {B), pacinian corpuscles (C) and other mechanoreceptors (D). E and F, 
regenerated interosseous afferents reinnervating receptors in F D L after cross-union of 
interosseous and F D L nerves. E, afferents reinnervating spindles and giving la-type or 
spindle II-type responses to ramp-and-hold stretch. F, other afferents, including those 
that reinnervated tendon organs or pacinian corpuscles. 
Responses of FDL spindles reinnervated by presumed former lb afferents 
Examples of responses to ramp-and-hold stretches obtained from FDL spindles 
reinnervated by afferents presumed formerly to have terminated in tendon organs 
are shown in Fig. 9A and B. Both la-like and spindle II-like responses occurred, as 
demonstrated by the values obtained for the difference between initial burst and 
static discharge of each ending (Fig. 9C and D). The la-like responses often showed 
a tendency to maintain firing during release of stretch, which was not found in 
control l a responses. The static and dynamic components of the responses were 
entirely normal as assessed by plots of static against tonic discharges, and of range 
of dynamic index against dynamic index of 5 mm s - 1 ramps, respectively. 
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Histological analyses 
In order to find out whether it was possible to distinguish between regenerated la , 
l b ahd spindle I I afferents and their endings in peroneus brevis spindles reinnervated 
after nerve section, it was first necessary to examine other reinnervated spindles in 
which the nerve sectioned lacked one or more of these types of afferent. Opportunities 
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ig. 9. Responses of regenerated interosseous l b afferents innervating F D L spindles after 
c 'OSS-union of interosseous and F D L nerves. A and £ , la-like response (<4) and spindle I I -
type response (B) to ramp-and-hold stretch ; conduction velocities 64-6 and 64-3 m s"1 
respectively. C and D, plots of the difference between the peak firing rate of the initial 
urst of the response to a 10 mm s"1 ramp and the static discharge against conduction 
velocity for: C, normal F D L spindle afferents; and D, regenerated interosseous l b 
a Terents innervating F D L spindles. Note that all the l b afferents in D are relatively fast. 
A|rrows in D indicate plots for the responses shown in 4^ (short arrow) and B (long arrow). 
for l a and spindle I I afferents to reinnervate spindles in the absence of l b afferents 
arise when tenuissimus spindles are reinnervated after nerve section, since this 
muscle usually lacks tendon organs (Palmer & Stilwell, 1958; Boyd & Davey, 1968). 
Conversely, opportunities for I b afferents to reinnervate FDL spindles in the absence 
and spindle I I afferents were provided in our interosseous-FDL cross-union of l a 
experiments. 
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A afferent reinnervation of tenuissimus spindles after nerve section 
In the five tenuissimus muscles examined, annulospiral endings were present in 
7)6% of the spindle capsules [n = 58) and free endings in 22% (see Table 2). Most of 
the annulospiral endings that formed in primary regions resembled normal primary 
endings in having regular transverse terminal bands around the nuclear bags and 
b afferent 
Intrafusal bundle 
Nuclear bag 
B I b afferent 100 urn 
Intrafusal 
bundle 
Nuclear bag 
Fig. 10. Tracings of teased, silver preparations of F D L spindles innervated by regenerated 
interosseous l b afferents after cross-union of interosseous and F D L nerves. Axons and 
terminals traced in detail; intrafusal bundle, nuclear bags and capsule traced in outline 
only. A, lb afferent, diameter 4-0 ^m, innervates site previously occupied by Si secondary 
(II) ending; a branch has grown beyond this and finally peters out in a few terminals on 
a nuclear bag in the primary region. B, l b afferent, diameter 4-75/im, innervates site 
previously occupied by primary (la) ending. Terminals are diffuse and irregular and lack 
the transverse terminal bands around the nuclear bags characteristic of primary endings 
formed by normal and regenerated l a afferents (cf. Plate 2A and B). 
spiral terminals around the chain fibres. However, the endings were generally shorter 
than normal and had fewer transverse terminal bands, as in primaries regenerated 
after nerve-crush injury (Barker et al. 1985). Occasionally the bands were restricted 
to one bag, and sometimes the regenerated ending extended into a neighbouring 
S.x secondary region. The twenty-nine afferents supplying these endings had diameters 
of 3*8-7-5 /im, mean 5-0 /tm, and were identified as l a ; fifty-one normal tenuissimus 
l a afferents had diameters of 4-8-12-1 fim, mean 7-9/tm. A further five afferents 
innervated primary regions in which the nuclear bags had been replaced by cross-
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striated myotubes. The regenerated endings lacked terminal bands around the bag 
and spirals were restricted to the chain fibres. These afferents had diameters of 
8, 2*8, 3-0 and 3-6 /.im and were assumed to be spindle I I . 
Endings restored to the Sx (29) and S2 (6) secondary regions resembled normal 
dary endings and those that regenerate after nerve-crush injury (Barker et al. 
but a further ten such endings were abnormally located in intracapsular polar 
fibres 
2-3, 2 
secon 
1985) 
A I b normal B I b regenerated 
20 -
10 -
W 
c 
CD 
i_ 
03 
£ 0' 
CD 
2 C II normal 
aS 30 
u k_ 
CD 
CL 
D II regenerated 
2 0 -
10-
i i 
2 4 6 8 2 
Afferent diameter (^m) 
Fig. 11. Histograms of the diameters of normal and regenerated cat muscle afferents as 
measured near receptor entry; shading indicates afferents with diameters measuring 
^!3-5/^m. A, forty-three normal peroneus brevis l b afferents. B, fifty interosseous 
afferents identified as l b that innervated F D L spindles in the interosseous-FDL cross-
union experiments. C, sixty-three normal peroneus brevis spindle I I afferents. D, forty-
five tenuissimus afferents identified as spindle I I that innervated secondary-ending and 
polar sites in tenuissimus spindles after nerve section. 
regions, one ending extending well beyond the capsule limits. The forty-five afferents 
supplyjing these endings had diameters of 1-6-4-8 fim, mean 3-0 (Fig. 11D). We 
identify all these as spindle I I afferents, though acknowledge that among the largest 
(20% had diameters of 4-0-4-8 /tm) there may have been a few l a afferents that 
reinnervated Sx sites. The diameters of 101 normal tenuissimus spindle I I afferents 
measured 1-5-7-7 /im, mean 3-6 /tm. 
On the basis of these identifications we estimate that, as compared with the 
normal supply of spindle afferents, 52% l a and 49% of I I afferents were lost in 
the reinnervation process (see Table 3). 
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Reinnervation of FDL spindles by interosseous afferents 
Eighty-two spindles from four muscles were examined. The 188 myelinated 
afferents that reinnervated them terminated either in an extensively branched 
network of free endings (84), annulospiral endings (58), or tapers and bulbs 
resembling pacinian terminals (46). The free endings and pacinian-like terminals 
were intracapsular and appeared to be located mainly in the axial sheath of the 
ntrafusal bundle. The free-ending afferents had diameters of 1-25-2-75 fim (mean 
L-9 ^m, n = 39), the presumed pacinian afferents 1-5-4-0 /tm (mean 2-7 fim, n = 46). 
Among the fifty-eight afferents that formed annulospiral endings, four were 
dentified as l a since they formed endings with regular transverse terminal bands 
around the nuclear-bag regions, as in normal primaries. Three of these occurred in 
one muscle and one in another; the diameters of the only two that could be measured 
were 4-5 and 5-5/im. These were most probably 'contaminating' primary afferents 
Dhat had regenerated from the FDL nerve (see Methods). 
Most of the fifty-four other afferents formed annulospiral terminals in regions 
previously occupied by primary (fourteen) or secondary (twenty-six) endings. A few 
(five) terminated in both regions, and the remainder (nine) terminated mainly in 
intracapsular polar regions and made only minor extensions into a neighbouring 
primary or secondary region. Reinnervation of secondary regions was usually 
restricted to S1} but occasionally the regenerated ending was distributed over two or 
t hree adjacent secondary regions. Both bag and chain fibres were reinnervated, the 
nnnudospiral nature of the terminals being most evident among those distributed to 
the chain fibres in secondary regions (Fig. 10x4; Plate IB). These afferents had 
diameters of 1-75-7-25 /tm, mean 3 9 /*m (Fig. Hi?). We may safely assume that 
most were l b alferents, but must allow for the possibility of there being some 
'contaminating' I I afferents among those with diameters of 3-5 (im or less (44%). 
Afferent reinnervation of peroneus brevis spindles after nerve section 
In view of the above findings, we concluded that l b and spindle I I afferents 
reinnervating peroneus brevis spindles would have the same regenerative specificities 
(i.e. a preference for reinnervating secondary-ending sites; an ability to innervate 
polar regions; an inability to regenerate primary endings with regular transverse 
terminal bands as in Fig. 105), and could only be distinguished by diameter. For 
reasons given in the Methods, we decided on 3-5 (im as a segregating diameter, 
identifying those >3 -5/*m as l b and those ^ 3-5 /tra as I I . We recognized l a 
afferents as those with diameters > 3 5 fim that formed primary endings with regular 
transverse terminal bands, and acknowledged the inability to identify any l a 
afferent that may have reinnervated a secondary site. 
The results of analysing reinnervated peroneus brevis spindles on this basis, 109 
after partial section of the common peroneal nerve, 139 after complete section, are 
summarized and compared with the tenuissimus analysis in Tables 2 and 3. These 
show that the reinnervation was most successful in tenuissimus; and that partial 
section of the common peroneal nerve gave better results in peroneus brevis than 
complete section, the estimated deficit in spindle afferents, for example, being, 
respectively, 52, 73 and 79% in l a afferents, and 49, 56 and 86% in I I afferents 
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Table 3). Table 2 also shows (i) that l a and l b afferents participated in the 
reinnervation of similar proportions of peroneus brevis spindles; and (ii) that the 
formal proportion of spindles innervated by both l a and spindle I I afferents was 
•educed in the reinnervated spindles by over 50% in tenuissimus and over 70% in 
peroneus brevis. 
A B L E 3. Numbers of l a and spindle I I afferents reinnervating spindles in tenuissimus and 
peroneus brevis after nerve section 
No. 
spindles 
Regenerated Estimated normal* % deficit 
l a I I l a I I l a I I 
58 29 50 61 99 52 49 
109 
139 
29 58 
29 24 
109 
139 
131 
167 
73 
79 
56 
86 
enuissimus 
tferoneus brevis: CPN 
Partial cut 
Complete cut 
* Estimated from the following afferent: spindle ratios; tenuissimus, l a 1-06: I, I I 1-7:1 (Banks 
et cd. 1982); peroneus brevis, l a 1:1, I I 1-2:1 (Scott & Young, 1987). CPN, common peroneal nerve. 
Altogether 190 spindle and tendon-organ afferents (fifty-eight la , eighty-two I I 
and fifty l b) reinnervated peroneus brevis spindles in the nerve-section experiments. 
Among 112 primary-ending sites fifty-eight (52 %) were reinnervated by l a afferents, 
twenty-two (20%) by I I afferents, and thirty-two (28%) by l b . Ten of the l a 
afferents formed primary endings that extended into an adjacent secondary-ending 
s 
a 
w 
te, and three of the other afferents (one I I , two l b ) also formed terminals in an 
djacent polar region. Among ninety-six secondary-ending sites, sixty-two (65%) 
ere reinnervated by I I afferents, and thirty-four (35%) by l b . Twenty of these 
afferents (five I I , fifteen lb ) formed secondary endings that encroached upon a 
primary site, and a further thirteen (five I I , eight lb ) formed secondaries that 
e xtended into a polar region. Four afferents (one I I , three lb ) regenerated endings 
that were exclusively polar. An example of a peroneus brevis spindle reinnervated by 
spindle I I and free-ending afferents is illustrated in Plate 1C where it is compared 
with an FDL spindle similarly reinnervated by interosseous l b and free-ending 
aferents (Plate IB). Normal and regenerated primary (la) and secondary (II) 
epdings are illustrated in Plate 2A-D. 
No systematic study was made of motor reinnervation, but it can be said that 
hereas p : plates were commonly observed in the poles of spindles from both series 
experiments, p.2 plates were only rarely seen. The restoration of trail innervation 
was occasionally obvious, but more usually this could not be discerned with 
confidence because of profuse polar reinnervation by free endings. 
w 
o 
DISCUSSION 
Specificities of regenerating muscle afferents 
An afferent engaged in muscle reinnervation after nerve injury is regarded as 
showing specificity if i t reconnects with the same type of receptor it normally 
innervates (Brown & Butler, 1976; Collins et al. 1986). Reinnervation after nerve 
i 
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crush is highly specific since the injury leaves most of the endoneurial tubes intact 
(Sunderland, 1978) and the regenerating axons are thus guided back to their original 
receptors. In these circumstances muscle spindles regain their motor (/?, y) and 
sensory (la, I I ) innervation (Ip & Vrbova, 1973; Ip. Vrbova & Westbury, 1977; 
Barker & Boddy, 1980; Barker et al. 1985), and the responses of the regenerated 
Ispinjile afferents to stretch, and to fusimotor stimulation, eventually return to 
(normal (Brown & Butler, 1976; Hyde & Scott, 1983). But our concern has been to 
determine whether there is an}' specificity in the afferent reinnervation of spindles 
after nerve section, when presumably any type of muscle afferent may participate 
in the process. 
The same question has been addressed by Brown & Butler (1976) and Collins 
et all (1986); Gregory, Luff & Proske (1982) have also studied the reinnervation 
of muscle after nerve section, but their concern was to compare the response 
characteristics of self-reinnervated soleus receptors with those that had been cross-
reinnervated by afferents from a fast twitch muscle. Brown & Butler (1976) 
concluded that some specific reinnervation did occur because some afferents reinner-
vating spindles had response characteristics and conduction velocities similar 
to normal spindle afferents; and because some regenerated efferents produced 
stimulating effects on afferents that were both typical of normal static or dynamic 
y-efferents, and consistent when tested on more than one afferent. Collins et al. (1986) 
approached the problem centrally by recording the presence or absence of field 
potentials generated by activated stretch afferents, and concluded that random 
populations of both specific (la, spindle I I ) and non-specific (lb) afferents reinner-
vated spindles after nerve section. They also found that tendon organs were 
reinnervated by afferents that were both specific (lb, eight examples) and non-
specific (la, one example). 
The fact that a non-specific afferent can functionally reinnervate a receptor 
suggests that the specificities of regenerating muscle afferents should be considered 
in terms of the cells they reinnervate as well as the receptors. Prenatally, the l b 
afferont is specified to terminate on bundles of collagen fibres in the developing 
tendon organ as well as around the ends of the myotubes that insert into i t (Zelena 
& So ikup, 1977). After adult nerve section this same dual specificity thus enables the 
regenerating l b afferent either to reinnervate its own receptor as a native afferent, 
or to terminate on intrafusal muscle fibres as a foreign afferent. The results of our 
interosseous-FDL and tenuissimus experiments show that l b and spindle I I 
afferents reinnervating spindles may be regarded as members of a single population 
distinguished from each other only by diameter and conduction velocity. Conversely, 
it seems likely that some regenerating spindle I I afferents terminate in tendon organs 
after Inerve section, thus accounting for the group of slow afferents reinnervating 
tendon organs noted by Gregory et al. (1982) and ourselves (Fig. 1C). We have seen 
the terminals of a normal spindle I I afferent distributed partly as a secondary ending 
in a vjery short spindle pole, and partly as an ending in its tendinous insertion. I f we 
accent the finding by Collins et al. (1986) of a l a afferent reinnervating a tendon 
organ, the conclusion emerges that all three stretch afferents (la, l b , spindle I I ) 
possess the cell specificities required to make functional reconnections with either 
spindles or tendon organs when regenerating after nerve section. 
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Since intrafusal muscle fibres are of three types and show regional differences in 
structure and nucleation, we may ask whether a regenerating stretch afferent is not 
only specified to terminate on these fibres, but is further specificied as to fibre type 
and region. The histological results indicate that regenerating l b and spindle I I 
afferents show a preference for innervating Si secondary-ending sites, though they 
may also terminate in primary-ending sites, and, occasionally in polar regions. They 
fc rm secondary endings that appear normal and primary endings that are abnormal, 
since they lack the transverse terminal bands formed around the nuclear bags by 
normal and regenerating l a afferents. Nevertheless, the physiological evidence is 
that the endings formed by l b and spindle I I afferents in these primary- and 
secondary-ending sites have similar response characteristics to normal primary (la) 
and secondary (spindle I I ) endings. Abnormal connections reveal themselves in 
single-fibre recordings chiefly by abnormal conduction velocities, spindle I I primary 
afferents being slower, and most l b secondaries being faster, than their normal 
counterparts. Morphological abnormalities in regenerated primary endings do not 
affect their pattern of response to ramp-and-holcl stretch, as has been shown by 
B irker el al. (1986) with respect to the grossly abnormal primaries that rein nervate 
sp indles after long-term denervation. In this study the primary endings formed by 
regenerating l a afferents resembled normal primary endings, though they some-
times extended into a neighbouring secondary-ending site. We had no means of 
determining whether any l a afferents exclusively reinnervated secondary-ending 
sites, since they would have been indistinguishable from l b secondaries. 
The foreign afferents that terminated as free endings in spindles after nerve section 
w(3re probably exercising a cell specificity for fibrocytes, hence the location of their 
ramifying terminals in the axial sheath and intrafusal enclomysium. Stacey (1969) has 
shown that such innervation sometimes occurs in normal spindles, though very 
rarely. 
Process and quality of recovery 
The physiological and histological results from different animals were very 
variable, so that only broad generalizations can be made about the recovery process. 
R<;innervatioh was rapidly established during the early recovery periods (6-8 weeks), 
and there was no evidence of any reorganization of non-specific afferent recon-
nections. The conduction velocities of regenerated afferents continued to increase 
until 30 weeks, as judged by that of the fastest afferent at each stage. There was some 
tendency for the proportion of afferents identified as having reinnervated spindles to 
increase at the expense of unidentified afferents, and for there to be increasing 
proportions of these firing tonically (means of 17, 32, and 5 1 % at 6-8, 12-20. 
and 30-50 weeks, respectively). Presumably both trends are due to progressively 
increasing afferent excitability. However, despite the increase in the proportion of 
toriically firing afferents in spindles, the actual firing rates at the three phases of 
ramp-and-hold stretch responses showed no such tendency and were considerably 
lower than those of normal spindle afferents. This may have been due to the reduced 
size and complexity of the regenerated endings (see Plate 2). 
The histological analyses summarized in Tables 2 and 3 suggest that the quality 
of the afferent reinnervation of spindles achieved after nerve section is partly related 
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to the nerve's size and degree of afferent complexity. Obviously the nature of the 
repa ir effected, the degree of fascicular alignment achieved, and the extent to which 
the r.erve stumps retract, are also relevant factors. Hence the relatively good quality 
of th e afferent reinnervation of spindles achieved after sectioning the tenuissimus 
nervs (unifascicular; muscle afferents without l b , no cutaneous afferents; minimum 
Retraction of nerve stumps, no stitching required), as compared with that of peroneus 
s spindles following complete section of the common peroneal nerve (multi-
3ular; muscle and cutaneous afferents present; epineurial stitch repair effected 
to counteract retraction of nerve stumps and achieve fascicular alignment). In the 
tenu ssimus experiments 43% of spindles [n = 58) were reinnervated by l a afferents 
as compared with 2 1 % of peroneus brevis spindles after complete section of the 
common peroneal nerve (Table 2). In the histological analysis by Ip. Luff & Proske 
(1988) of the soleus muscles that were self- or cross-reinnervated in the experiments 
by Gregory et al. (1982) only 3% of spindles were observed to have regenerated 
annulospiral primary endings (presumably la) among 180 examined. This may 
reflect the fact that in these experiments the nerve stumps were simply tied together 
with silk thread without attempting epineurial repair or fascicular alignment. 
Concluding remarks 
The regeneration of stretch afferents after nerve section cannot be full}' understood 
without reference to their development. The first (and largest) afferents to arrive in 
the muscle primordium initiate spindle development by chance contact with a 
primary myotube, and are recognized as l a (Zelena, 1975; Milburn, 1984; Barker & 
Milburn, 1984). Those arriving later ( lb, spindle I I ) initiate the development of 
tendon organs and terminate in spindles as secondary endings (Zelena & Soukup. 
Milburn, 1984). This sequence of arrival and termination is reflected in the 
by a decrease in diameter of the different types of stretch afferent in the order 
b, spindle I I . The afferents that innervate spindles in excess of the initial l a 
appear to be randomly distributed among spindle populations since their frequency 
distribution in various adult cat muscles has been shown by Banks & Stacey (1988) 
to be binomial. 
We see muscle stretch receptors as being established during a critical period of 
muscle development by randomly distributed afferents of dual myotube-collagen 
specilicity that enter sequentially with decreasing diameters. When these afferents 
regenerate after nerve section many are lost, but some make random and functional 
reconnections, which, by virtue of their dual cell specificity, can be with either 
spindles or tendon organs. The deficit of l a and spindle I I afferents that participate 
in spindle reinnervation is considerable (Table 3), yet about 60% of normal reflex 
contraction tension may be restored (Barker & Young, 1947). 
Does any kind of specificity operate at the site of the lesion ? We have noticed that 
regenerating efferents only occasionally enter spindles via afferent endoneurial tubes, 
despite regenerating more quickly than afferents (Ip & Vrbova, 1973; Barker & 
Boddy, 1980) and perhaps reaching the distal stump earlier. This suggests that 
regenerating efferents may preferentially enter efferent tubes, as concluded by 
Brushart & Seiler (1987) from experiments in which regenerating motor axons 
were given equal access to distal motor and sensory nerve stumps. Presumably 
1977 
adult 
la , I 
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regenerating afferents also selectively reinnervate their own tubes. Future work 
may reveal whether such selectivity is mediated by the regenerating axons pref-
erentially relating to different types of Schwann cell, or different types of tube, 
or both. Our results, and those of Collins et al. (1986), appear to rule out the 
possibility of there being any further specificity that preferentially caters for type 
of afferent. 
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E X P L A N A T I O N OF P L A T E S 
P L A T E 1 
Photjographs of teased, silver preparations of regenerated afferent endings in cat peroneus brevis 
or F1)L spindles. A, equatorial region of a peroneus brevis spindle exclusively reinnervated by free-
endirg afferents after complete section of the common peroneal nerve followed by 16 weeks 
recovjery. B, equatorial region of reinnervated F D L spindle 10 weeks after cross-union of 
interosseous and F D L nerves. Length of periaxial space enclosed by capsule, and mode of afferent 
entries into it, indicate that the normal afferent innervation was S^Sp i.e. an S l secondary ending 
on eash side of a primary ending. A myelinated free-ending afferent enters at top from endoneurial 
tube previously occupied by a spindle I I afferent, and branches to reinnervate upper S t and P sites. 
Reinnervation of P site is contributed to by non-myelinated free-ending afferents entering on left 
from endoneurial tube previously occupied by a l a afferent. Myonuclei normally present in P site 
have now been replaced by myofibrils. Lower SL site has been reinnervated by a l b afferent, 
diameter 6-25 um, entering at bottom from endoneurial tube previously occupied by spindle I I 
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afferent. C, equatorial region of peroneus brevis spindle after complete section of the common 
peroneal nerve followed by 30 weeks recovery. Afferent reinnervation of previous S ^ S ! provision 
/ shows a very similar pattern to that seen in B. The main differences are that the lower S t site is 
/ rei'n-nervated by a spindle IT afferent, diameter 3o /tm; and that the P site retains its myonuclei 
and is partially reinnervated by both IT and free-ending afferents. Scale bars indicate 100/tm; B 
is at same scale as 4^. 
P L A T E 2 
Photographs of teased silver preparations of normal and regenerated peroneus brevis primary and 
secondary endings. A, normal primary ending. B. primary ending regenerated by l a afferent after 
complete section of the common peroneal nerve followed by 16 weeks recovery. The ending is 
smaller and shorter than normal and has fewer transverse terminal bands. C, normal Sj secondary 
ending. D. S, secondary ending regenerated by spindle I I afferent, diameter 3 0 /tm. after complete 
section of the common peroneal nerve followed by 16 weeks recovery. Scale bar in .4 indicates 
50 /tm ; B-D at same scale. 
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Ultrastructural observations on native and foreign reinnervation of muscle 
i piadles in relation to mechanosensory function in the anaesthetized cat 
B Y M . N . A D A L and R. W. BANKS. Department of Biological Sciences, University of 
Durham, Durham DH1 3LE 
I Following nerve section, muscle spindles ma}' be reinnervated by functional 
sensory endings derived f rom l a , spindle I I , and l b afferents that formerly supplied 
spindle primary, spindle secondary and tendon-organ endings respectively (Banks & 
Barker, 1989). Sensory endings of normal spindles are inserted into intrafusal-fibre 
sarcolemma between basal lamina and plasmalemma, and Banks (1986) has 
suggested that this relationship is important in mechanosensory transduction. I n our 
sjtudies on reinnervation, we have not previously examined the ultra-structure of the 
sensory neuro-muscular junctions. 
Experiments were carried out on four adult cats, using sodium pentobarbitone 
anaesthesia (Sagatal, 45 mg k g - 1 , i.p. w i th i .v . supplements) for all invasive 
procedures. Section of the lef t tenuissimus nerve just proximal to its exit f rom the 
sciatic (2 cats) was used to provide a practically pure native reinnervation. The 
responses of reinnervated spindles to ramp-and-hold stretches were obtained by 
single-unit dorsal-root recording 53 or 68 weeks later. Spindle locations were marked 
by epimysial stitches. The muscles were in i t ia l ly immersion-fixed under l ight tension 
before all spindles were teased out prior to embedding in epoxy resin. 
j The interosseous nerve contains many l b (as well as Pacinian I I and free-ending) 
afferents but practically no spindle afferents. It was used to introduce foreign 
afferents into the lef t flexor digi torum longus ( F D L ) of 2 cats. The proximal F D L 
nerve stump was sectioned 16 or 18 weeks later to remove contaminating native 
reinnervation, which was allowed to degenerate for I week before the animals were 
fixed by ventricular perfusion. As many spindles as could be found were teased f rom 
the muscles prior to embedding. 
| A l l spindles were examined for evidence of reinnervation while in unpolymerized 
resin. I n tenuissimus, endings were found on sites recognizable as those of former 
pr imary or secondary endings. In t rafusal fibres that d id not receive sensory 
terminals were striated throughout these sites. I n F D L , endings of large diameter 
(presumably l b ) afferents were located predominantly in old secondary sites. The 
intrafusal fibres contained central nuclei as the}' would wi th normal spindle endings. 
Terminals of all these native and foreign afferents occupied the usual intra-
sarcolemmal position. However, small diameter axons (probably Pacinian I I ) that 
terminated in the sensory regions of F D L spindles d id not form intimate contact w i th 
intrafusal fibres but were associated wi th connective tissue of the inner capsule. 
'Financial support from the Wellcome Trust is gratefully acknowledged, 
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A quantitative analysis of the sensory innervation of cat tenuissimus muscle 
spindles 
]SY R . VV. BANKS and M . J . STACEY. Department of Biological Sciences, University of 
Durham, Durham DM 3LE 
Ten Tenuissimus muscles were removed post-mortem f rom nine adult cats killed 
by sodium pentobarbitone overdose. The muscles were silver-impregnated and all 
spindles were teased out so as to preserve their linear sequence and nerve supply. I n 
each case the nerve divided unequally at least once before entering the muscle, the 
largest branch supplying the distal port ion of approximately § total muscle length. 
The number of capsules ranged f rom 14 to 20 (mean 16-7), but in a muscle of this size 
(0-28 g average wet weight of 2) about twenty-five would be expected, representing a 
relative spindle abundance of only 0-64 (Banks & Stacey, 1988). Capsules containing 
only bag 2 and chain fibres (b 2c units) occurred in eight muscles, but most capsules 
(95%) possessed the f u l l complement of intrafusal fibres ( b j b 2 c units). 
Each b i b 2 c unit received an afferent axon that ended equator ia l^ and f rom 0 to 
5 afferents that usually ended juxta-equatorially. The mean number of these latter 
afferents (a) ranged f rom 105 to 213 per muscle wi th an overall mean of 1-45; and 
the frequency distribution of the various sensory complements did not differ 
significantly from binomial form (n = 4. P = 0 36), suggesting that the afferents are 
distributed randomly among the capsules (Banks & Stacey, 1988). Capsules close to 
the nerve entry might then be expected to receive more afferents than average, i f the 
greater availabil i ty of afferents were reflected in an increased likelihood of association 
during development. For bj b 2 c units supplied by the large distal nerve branch or by 
the small proximal branch(es) a = 1-57 and 1-22 respectively, but the difference was 
not significant (ANOVA) . However, wi th in the distribution of the large branch, the 
niore proximal capsules received significantly more afferents than did the more distal 
ones (a = 1-83 and 1-30 respectively; F = 5 495, P < 0 05, A N O V A ) . That this effect 
was related to the nerve rather than to location wi th in the muscle was indicated by 
analysis of the distribution of afferents among the sequentially ordered capsules 
aligned either on muscle origin or nerve entry. A t the level of individual capsules the 
distr ibut ion did not depart significantly f rom the overall mean in either case (%* test), 
bu t grouping the capsules into sequential pairs revealed a significant departure only 
for nerve alignment (x2 = 13-27, 6 d.f., P < 0 05). 
| Most b 2 c units received only a single afferent and were linked in tandem w i t h b t b 2 c 
units that received on average slightly more afferents (a = 1-63) than the overall 
mean. Though the difference was not significant (ANOVA) for the tenuissimus alone, 
combination of this w i t h eight similar results f rom various different muscles revealed 
an overall significance (paired comparison, t = 3 28, P < 0-02). 
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A quantitative histological analysis of the intrafusal motor innervation of the cat 
tenuissimus muscle 
R.W. Banks 
Department of Biological Sciences, University of Durham, Durham DH1 3LE 
The left tenuissimus was removed post mortem from 3 adult cats killed by 
sodium pentobarbitone overdose. The muscles formed part of a larger sample 
previously used to analyse the sensory innervation (Banks & Stacey. 1990). They 
were silver-impregnated and all spindles (total 51 capsules) were teased out so 
as to preserve their nerve supply. 
The distributions of 268 intrafusal branches of motor axons were traced as 
follows: bag| (b|), 103; long chain (lc), 20; b|lc, 2; bagL> (b 2 ) ; 46: chain (c), 51; bL>c. 
45; ?b|bL), 1. All branches to lc and b,lc. most to b|. and one to bL> were identified 
as those of /3 axons, mainly by the form of their intrafusal end-plates (Banks et 
al. 1985). The remainder, mainly to bL>. c. or b 2c. were identified as branches of 
/axons, some of whose distribution among different spindles has been reported 
previously (Banks, 1988). Of 58 poles the b-2 and c fibres were supplied only 
jointly in 19, completely separately in 21. not at all in 1, and with various degrees 
of segregation in the rest. 
The mean numbers of motor-axon branches per spindle in each muscle were 
6.0, 7.7, and 8.5; those of p axons were 2.0, 2.8. and 3.9; and of /axons were 3.2, 
4.5, and 4.7. In each case the frequency of occurrence of various numbers of 
branches supplied to each spindle did not differ significantly (x~ test) from cal-
culated binomial distributions (/3, overall mean 3.24; n — 12, P - 0.27: /, overall 
mean 3.83; n = 8, P = 0.48: total, overall mean 6.95; n = 20, P = 0.35). 
In one muscle it was possible to analyse the number of motor branches received 
by spindles with different sensory complements. Spindles with more afferents 
tended to receive more / branches (P < 0.01, x" test) but not more j3 branches. 
The present results confirm the importance of random factors in the 
innervation of muscle spindles. The correlation between numbers of afferent 
axons and / branches but not /3 branches ma}' reflect differences in the necessity 
for pathwa}' guidance during development. 
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SUMMARY 
1. The distr ibution of static y-axons wi th in and among muscle spindles of the 
tenuissimus muscle has been studied in the anaesthetized cat. on the basis of the 
effects on the responses of primary endings when bag 2 or chain fibres or both are 
activated by static y-stimulation. 
2. Locations of spindles were marked for subsequent histological analysis using 
teased, silver-impregnated preparations. 
3. Static effects were classified in to : (i) biassing; (ii) d r iv ing ; or (iii) indeterminate 
categories. 
4. Critical correlations established tha t the biassing type was produced by bag 2 
act ivi ty , either alone or in combination wi th chain fibres, whereas the dr iving type 
was produced by chain fibres active alone. Indirect evidence suggested tha t 
indeterminate effects were produced by bag 2 and chain fibres active together. 
5. The static y-axons showed some differential distribution according to their 
conduction velocities: faster-conducting axons were likely to be more widely 
distributed among spindles but less likely to innervate chain fibres alone than were 
more slowly conducting axons. 
6. The results are discussed in terms of their possible functional and developmental 
significance. 
INTRODUCTION 
i 
j Mammalian muscle spindles regularly contain three types of intrafusal muscle 
fibre that differ structurally, metabolically and functionally, and are known as bagj, 
bag 2 and chain fibres (Barker & Banks, 1986).The distribution of fusimotor axons to 
these muscle fibres at the level of individual spindles is now well established, at least 
for the tenuissimus muscle of the cat. Fusimotor axons are usually branched 
intrafusally, but each axon commonly supplies only one type of intrafusal fibre in 
individual spindle poles, as shown by reconstructions f rom serial sections carried out 
independently in three laboratories (Banks, 1981; Banks, Barker & Stacey, 1981; 
Arbuthnot t , Ballard, Boyd, Gladden & Sutherland, 1982; Kucera, 1985). Kucera 
(1985) reported a higher proportion of axons that were distributed exclusively to a 
single type of muscle fibre than did the other two groups; nevertheless all three found 
tha t a small proportion (3 -4%) supplied both the bag, and one chain fibre, usually 
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the longest, whereas a much larger proportion (up to 29%) supplied the bag 2 and at 
least one chain fibre. No axon was found to innervate all three types of muscle fibre, 
nor the bag, and bag 2 together. This pattern of innervation has been related to the 
functional subdivision of fusimotor neurons into dynamic and static categories by a 
series of experiments, reviewed by Barker & Banks (1986), which demonstrated that 
dynamic axons always activated bag, fibres whereas static axons activated bag, 
fibres, chain fibres, or both together. 
Each purely fusimotor- or y-axon generally innervates several spindles in a single 
muscle, and the constancy of the effects of st imulating a single y-axon on the 
response of the primary sensory ending, whether dynamic or static, has been amply 
confirmed since first described by Crowe & Matthews (1964). I t follows that dynamic 
y-axons are highly selective, probably innervating only the bag, fibres in all the 
spindles supplied by them. Static y-axons, on the other hand, are less selective, 
because at least some innervate both bag 2 and chain fibres; nevertheless, there 
remains the possibility of some degree of selectivity among them, as was originally 
suggested by Boyd, Gladden, IWcWilliam & Ward in 1977 and has since been 
consistently supported by Boyd, Gladden and their colleagues. 
I n the fullest development of his ideas, Boyd (1985, 1986) proposed that there are 
two kinds of static y-motoneuron: (i) the 'static bag' type that always innervates 
bag.2 fibres, as identified chiefly by its biassing action on the output of the primary 
sensory ending; and (ii) the 'static chain' type that always innervates chain fibres 
and often drives the primary output at the stimulus rate over a wide range of 
frequencies. He (Boyd, 1986) regarded those axons that supply both bag 2 and chain 
fibres in a single spindle as belonging to one or other of the above types according to 
whether, in other spindles, they are distributed exclusively to the bag 2 or chain 
fibres. Any axon that supplied bag 2 and chain fibres separately in different spindles 
was seen as a rare aberration of this pattern. Gladden & Sutherland (1989) have 
recently suggested that there may, in addition, be a th i rd type of "static y-
motoneuron that supplies chain fibres exclusively. 
The segregation of static y-axons into two or three types was based on two main 
lines of evidence; firstly, a histological description of different types of intrafusal 
motor ending, especially two types of neuromuscular junct ion on chain fibres (the m a 
and m c plates of Arbu thno t t el al. 1982; Arbuthnot t , Sutherland, Boyd & Gladden, 
1985; Sutherland, Arbuthnot t . Boyd & Gladden, 1985); and, secondly, the similari ty 
of the effects of s t imulat ing a single static y-axon on the responses of more than one 
spindle (Boyd, Gladden & Ward, 1983; Boyd, 1986). The use of this evidence to 
support the case for subdivision of static y-axons has been criticized previously 
(Banks, Barker & Stacey, 1985a), when i t was shown that variation in quantifiable 
features of intrafusal motor endings was correlated wi th polar location of the endings 
(Banks, Barker & Stacey, 19856; Kucera & VV'alro, 1986); and that the methods used 
by Boyd and his colleagues (1983; 1986) would result in unconscious bias if, as is 
quite possible, the actual distribution of a single group of y-axons among the two 
different effectors, bag., and chain fibres, is subject to random variation in different 
spindles. 
This paper describes a series of experiments whose purpose was to describe the 
distribution of fusimotor axons wi th in and among tenuissimus spindles of the cat, by 
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inference f rom the effects of st imulating the axons separately on the responses of as 
ma^ny afferents of primary endings as could be obtained. Whenever possible, 
histological correlations were provided by silver-impregnated, teased preparations of 
tht j spindles previously recorded. This was particularly important in some key 
experiments that identified the intrafusal fibres responsible for producing charac-
teristic effects such as dr iving. The approach to the problem is similar in principle to 
ths t used by Boyd and his colleagues (1983; 1986) but differs in a number of 
important respects, mainly in the method of histological analysis, but also in details 
of (he physiological preparation. Preliminary results of some of the experiments have 
bei n published (Banks, 1988), on the basis of which i t was concluded that there exists 
a s ingle population of static y-axons which shows some differential distr ibution 
related to conduction velocity. This conclusion is reaffirmed here on the basis of a f u l l 
description of the results that now include an especially productive experiment, 
C8ii3. 
METHODS 
Five adult cats (1-8-2-8 kg) of either sex. anaesthetized with sodium pentobarbitone (Sagatal, 
45 i ng k g - 1 i . i* . with i.v. supplements), were used. After extensive denervation of the left hindlimb, 
the tenuissimus muscle was exposed by removal of the biceps femoris. I ts distal part, approximately 
two-thirds of the total length from the point of entry of the nerve's main branch to the crural 
insertion, was freed from surrounding tissues to be reflected into a bath through which circulated 
an artificial interstitial fluid (Bretag, 19(59. as modified by Fink, 1984; experiments CG89, C700, 
C87 3), or to be immersed in a pool of mineral oil formed from skin flaps (experiments C876, C883). 
In each case the temperature of the immersion medium and the animal's core temperature were 
maintained at 37+ I °C. The blood supply of the tenuissimus muscle is provided by about three 
inputs to an anastomosing system of intramuscular vessels, which allows an adequate blood flow 
thrc ugh an inactive muscle i f one of the inputs is removed. When the muscle was reflected into the 
bath, i t was necessary to remove the mid-muscle popliteal supply; however, in the pool-type 
experiments a pedicle was formed so as to retain this supply whilst allowing the muscle to be 
stre :<ched as far proximally as the nerve input. 
In order to accommodate the muscle in the bath or skin-flap pool i t was usually necessary to 
discird.the most distal part of approximately 1 cm. The muscle was then attached at its distal end 
to a servo-controlled electromagnetic puller (Ling Dynamics) which was used to apply ramp-and-
holc stretches of approximately 2 mm amplitude at 5 mm s~l. Initial muscle length was set so as 
to b 
critt 
i in the upper part of the length-tension relationship but without using accurately reproducible 
ria. 
A 1 physiological observations were restricted to the part of the muscle distal to the nerve entry 
that had been freed From surrounding tissues, since the stretch was not effective more proximally. 
In the bath-type experiments the proximal portion oFthe muscle was further mechanically isolated 
by locating the muscle below a pair of stiff copper wires at the proximal end of the bath. The wires 
also|served as stimulating electrodes in order to establish action potential latencies; in the pool-
type experiments they were replaced with platinum hook electrodes in contact with the 
tenuissimus nerve. The left dorsal and ventral roots L7 and Si were cut. and functionally single 
afferents, especially from primary endings, were sought by splitting the dorsal roots. As each was 
isolated the position of the corresponding spindle was found by localized probing and stretch of the 
muscle, then marked with an epimysial stitch (5-0 silk). Wi th care i t is possible to identify the 
proximal-distal position of the spindle's sensory equatorial region with considerable accuracy in 
this way. I n experiments C(589 and C700 the ventral roots were split into 20-30 filaments and each 
was stimulated at 50 Hz while the output of a single primary afferent was monitored. When an 
effect on the primary response was found the motor axon responsible was isolated by further 
splitting of the ventral-root filament. Tn the remaining experiments the ventral roots were first 
subdivided to produce filaments containing Functionally single motor axons, and those conducting 
at 60 m or less were retained to study the effects of stimulating them on each afferent in turn. In 
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all the experiments each effective motor/sensory combination was characterized by stimulation of 
the motor axon with a range of fixed frequencies (typically 10. 30. 50. 70. 100; 200 and 300 Hz) 
during which ramp-and-hold stretch was applied. The frequencies were those nominally supplied 
by the variable output of a Devices Digitimer D4030 to the isolated stimulator and are th|ose 
quoted in the results. Calibration of the output showed the actual frequencies to be about 
lower than the nominal values. i: 
The experimental muscles were removed post-mortem and processed by silver staining by a 
modified Barker & Tp method (Barker, Scott & Stacey. 1985). The intramuscular nerve and all 
spindles were teased out. the epimysial stitches serving to identify those spindles investigated 
physiologically. The silver impregnation was adequate or good for histological analysis in 
experiments C689, C700 and C883. With such material i t is now possible to identify the three t> pes 
of intrafusal muscle fibre in virtually all cases, principally by details of the primary sensory enc ing 
by 
snd 
ivas 
gth 
*er, 
om 
iind 
(Banks, Barker & Stacey, 1982). but also by the differences in polar length and diameter find 
the distribution of elastic fibres (Gladden, 1976). The bag fibres can be traced individually from 
to end, whereas chain fibres usually cannot; however, in locating motor nerve endings there 
no doubt when one was dealing with a chain fibre. Some chain fibres had a pole similar in ler 
and diameter to those of the bag fibres and were therefore identified as long chain fibres (Bar 
Banks. Marker. Milburn & Stacey, 1976; Kucera, 1980). Individual motor axons were traced fi 
wi thin, or as close as possible to. the intramuscular nerve trunk using the high resolution 
narrow depth of focus of a 100x oil-immersion objective on a Nikon Optiphot. A drawing-tube 
attachment was used to make low-power plans of all the spindles and the intramuscular nerve, and 
high-power detailed drawings of most motor endings including all those in the physiologically 
observed spindles of C883. Schematic diagrams of the intrafusal distribution of all the motor a: ons 
were prepared on the basis of the detailed histological analysis. Tt is important to emphasize ;hat 
unless otherwise stated the connections shown in such diagrams have been positively establis led 
and all connections are represented although the axonal branches, particularly those to the chain 
fibres, are simplified. Motor endings are identified as trail , p,, or p 2 plates according to the criteria 
established by Banks el ul. (19856). 
RESULTS 
Characteristic fusimolor effects and their correlation loith intrafusal motor axonal 
distributions 
The results in this section establish the criteria to be used in inferring the intrafusal 
distr ibution of fusimotor axons f rom the effects of their stimulation on primary-
ending output. They are presented in the order that most emphasizes the logical 
independence of the whole series of experiments. 
C700. In this experiment three y-axons were isolated that had static effects 6n a 
single primary ending, together wi th a fast (85 m s _ 1 ) axon that had a specific and 
powerful static effect on the same primary and was provisionally identified as a 
skeletofusimotor-, or /ff-axon (Fig. I ). I n addition to their extrafusal distr ibution, (i-
axons have been shown to innervate long chain and bag! fibres, usually separately, 
and to have corresponding static and dynamic effects on the pr imary response 
(Emonet-Denand. J ami & Laporte, 1975; Barker. Emonet-Denand, Harker, J ami & 
Laporte, 1977; Harker, Jami, Laporte & Petit, 1977 ; Jami, Lan-Couton, Malmgren 
& Petit , 1978, 1979; Kucera & Hughes, 1983; Kucera, 1984a, b\ Kucera, Hammar & 
Meek, 1984; Banks el al. 1985a, b). I n C700 the /?-uxon drove the primary ending at 
the stimulus frequency (1:1) between about 50 and 70 Hz, subharmonic (1:2, 1:3, 
etc.) dr iving occurring at higher or lower stimulus rates. Similarly one of the y-axons 
drove the primary ending 1:1 between about 70 and 100 Hz, dr iv ing being enhanced 
b\ ' static stretch at the peak of the ramp-and-hold stretch, but giving way to highly 
irregular f i r ing when the axon was stimulated at 200 Hz. (Notice that this y-axon 
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had the slowest, conduction velocity.) Stimulation of each of the two remaining y-
axlons (1 and 2) biassed the primary response wi th no evidence of driving, though the 
response was more irregular during stimulation of y l than y2. The size of the biassing 
effect was dependent on the phase of the stretch cycle, being greatest during release 
and least during application of stretch, thus reducing the dynamic index. 
Test 
100 Hz 
0-5 s 
y1 y2 y3 P 
39 m s" ' 36 m s ' 1 28 m s ' 1 85 m s " 1 
50 
£ 70 a 
o 
I 100 ^ . ^ 1 . , . . , . . , H ^ ' n M M t ^ w u inwVflMJ.l. . . ' 
200 *M¥&$^4i* 
Fig. I . ('700. unit K. i)2 m s"1. instantaneous frequency displays showing the responses to 
ramp-and-hold stretch, indicated at the bottom of each column, of a primary ending in 
I the absence (test) and the presence of f'usimotor stimulation at different, frequencies. Eaeh 
response plot includes a continuous baseline representing zero frequency. The motor 
1 axons all had static effects on the primary response but only two, including the fi, drove 
the primary. 
S ubsequent histological analysis revealed that one of the chain fibres possessed a 
Ions; distal pole (Fig. 2). The axon supplying this pole may be confidently identified 
w i t h the presumed static /?-axon previously isolated. I t s terminals were in the typical 
f o r m of a closely adjacent pair of small p, plates, indicated by a single symbol in the 
schematic diagram because of their proximity . The effect of st imulating this axon 
confirms a previous observation by Jami, Peti t & Scott (1985) that even a single 
chain fibre, albeit a large one, can drive the primary ending when i t is active alone. 
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The static fusimotor supply (i.e. that to the bag.2 and chain fibres) was completed by 
three, possibly four axons, only one of which innervated the remaining chain fibres, 
forming three endings in each pole. The simplest conclusion, shown in Fig. 2, is that 
this was the dr iving y-axon (y3), whereas the non-driving y-axons ( y l and 2) each 
supplied one pole of the bag 2 fibre. 
Proximal Distal 
• 
Uni tE 
y2 or 1 y1 or 2 
Fig. 2. C700. Schematic diagram of the innervation of spindle 12 that contained the 
primary ending whose responses are shown in Fig. I . There were probably four static 
motor axons (the connection shown by the dashed line is uncertain), all of which were 
isolated in L7 ventral root. Note that the bag, fibre received only fi innervation, as judged 
by the nature of its end plates. O : trail plate; Q . p, plate (as defined by Banks el-til. 1985b). 
In this and following figures, abbreviations are: P, Primary ending; S, secondary ending; 
b, bag, fibre; b 2 . bag, fibre; c, chain fibre; Ic, long chain fibre. I 
C6S9. I n this experiment, three y-axons were found during a search of ventral root 
filaments while recording from a primary-ending afferent (unit D) . y l was dynamic, 
y2 had a biassing static effect, and y'i drove 1:1, though ramp stretch interfered wi th 
the dr iving (Fig. 3.4). A t 100 Hz stimulation and above, y3 produced high-
frequency, highly variable primary fir ing. I n the same dorsal root filament and f rom 
the same spindle as unit D there was a secondary-ending afferent (unit E) that was 
activated by y2 but not by y3. Histological analysis revealed that the spindle 
(spindle 12. Fig. 4) possessed two secondary endings both on the distal side of the 
primary, and that in the distal pole the bag 2 and all the chain fibres were innervated 
by a single motor axon allowing i t to be identified wi th the non-driving y2 I n 
conformity with its lack of effect on the secondary ending, y3 is therefore seen to 
have been supplied to the proximal pole of the spindle. I t may be identified wi th the 
axon that innervated the chain fibres exclusively in that pole, by its dr iving effect on 
the primary ending. 
I n the same experiment, the responses of a primary-ending (afferent unit F) f rom 
a closely adjacent spindle were also studied during ventral-root filament stimula tion 
(Fig. 3.5). y I again had a dynamic action, but y2 drove this primary whereas y3 had 
no effect. I n addition two static y-axons (y4 and y5) were isolated that had similar 
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A 
Test 
71 / 2 y3 
35 m s " 1 37 m s " 1 27 m s " 1 
50 
cr 
i 100 
****** 
i * 
« 200 . . . u - , . 
Test 
100 Hz 
200 Hz* 
0-5 s 
yi /2 74 y5 
1 
o 
c 
CD 
cr 
3 
E 
50 :f. 
1 0 0 f V ii^aii |*&^fC*it ^ / A ^ s ^ y ^ s i s '•iffiy'&^ji.y. 
2 0 0 ^ ^ v ^ ^ ^ ^ 0 $ ^ 
Fig. 3. COHfl. Instantaneous frequency displays showing the responses to ramp-and-hold 
stretch of two primary endings of adjacent spindles in the absence and the presence of 
I'nsiinotor stimulation. Arrangement as in Fig. I . .4. unit D. 71 m s - 1 . The effects of 
activation of three y-axons on one primary. y\ is dynamic; y2, biassing static; and y3. 
driving .static. A secondary ending (unit K). present in the same spindle, was only excited 
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biassing effects on the primary. Histologically, a maximum of five fusimotor axons 
were present in the spindle (11, Fig. 4), whose poles appeared to be supplied 
separately. I n the proximal pole the bag, fibre was innervated by one axon, the bag 2 
fibre b\ ' two axons and the chain fibres by one axon. The remaining axon innervate^ 
the bag 2 and chain fibres in the distal pole. I f the results f rom units D and E, spindle 
12, are applicable to this spindle, the dr iving y (y2) may be identified wi th the axon 
to the proximal chain-fibre poles. Furthermore, on any consistent interpretation, a t 
least one of axons y4 and y5 may be identified wi th an axon to the bag 2 fibre alone in 
the proximal pole. 
C883. The correlations found in experiments C700 and C689 were confirmed by 
additional examples f rom experiment C883, but whereas the interpretation of the 
first two experiments depended to some extent on the identification of the static / -
axon wi th the innervation of the long chain fibre, no such assumption was necessar y' 
for C883. Only the correlative examples are listed in this section, together w i t i 
schematic diagrams showing the results of the histological analysis of the relevant 
spindles (Fig. 5). The complete results of experiment C883 are described in the next 
section (see Tables 1 and 4). 
Concerning the biassing response, the following direct correlations may be made : 
afferent J/spindle 13, where a biassing effect must have been produced by an axoti 
that supplied both bag 2 and chain fibres, and where a second biassing effect mus t 
have involved the bag 2 fibre, either alone or in combination wi th chain fibres; and 
afferent F/spindle 17, where at least one biassing effect must have been due to th'e 
bag 2 active alone. 
Concerning the 1:1 dr iving response: for afferent J/spindle 13 both a pure chain 
input and 1:1 dr iv ing were certainly absent; whereas in two cases a dr iv ing efferent 
was present when at least one (afferent D/spindle 15), or only one (afferent H/spindle 
19), of the isolated efferents innervating those spindles must have supplied chain 
fibres only. Although none of these last three correlations, when considered in 
isolation, conclusively associated 1:1 dr iv ing wi th chain fibres active alone, taken 
together they are suggestive, and all of them must have occurred for the association 
to be valid. Moreover, i f bag 2 and chain fibres active together do not produce 1:1 
driving, afferents D and H must have been driven by motor axons supplying chain 
fibres only (see Table 1). | 
I n summary, among the intrafusal fusimotor branches that exclusively supplied 
bag 2 fibres f rom experiments C700. C689 and C883, of which four are confirmed and 
at least one is probable, none elicited any pr imary driving, either fundamental or 
subharmonic, and even at high rates of stimulation the pr imary response was 
comparatively low. quite unlike the highly variable, high-mean-frequency responses 
often produced when chain fibres were exclusively activated at such rates. Of the two 
intrafusal branches confirmed to supply bag 2 and chain fibres together in these 
experiments, neither produced 1:1 dr iving. Final ly, on the basis of these correlations 
by y2. B. unit F, 83 m s - 1. The effects of activation of four y-axons on the second primary, 
•yl and y2 are the same as in Fig. 3.4, y 1 again having a dynamic effect, but y2 now drives 
this primary. y4 and yo are biassing static axons. Asterisks indicate that vertical 
calibration is 200 Hz rather than 100 Hz, as shown by calibration bars in B. 
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£.nd the identification of the ^-innervated long chain fibre in C700. six intrafusal 
fusimotor branches (including that of the /9-axon) that produced 1:1 dr iving in the 
three experiments may be positively identified as supplying chain fibres only. 
'The distributions of y-axons to several muscle spindles 
The intention in experiments C870. C876 and C883 was to establish the 
distributions of most of the y-axons present in the large distal branch of the 
Spindle 11 
Distal 
Spindle 12 1 
Proximal 
I 
Unit F 
P S ! S 2 
Unit D Unit E 
Fig. 4. C689. Schematic diagram of the innervation of the spindles that contained the 
primary endings whose responses are shown in Fig. 3. The distal pole of spindle 11 
overlapped with the proximal pole of spindle 12. Note that: the dynamic y ( l ) innervated 
only one bag,-fibre pole in each spindle (though in spindle 12 i t might be represented by 
one or both of two axons); unit E is identified as S 2 in spindle 12 because of its slow 
conduction velocity (30 ms" 1 ) ; and y-axons 4 and 5 in spindle I I are not individually 
identified, but presumably both supplied the proximal pole of bag2, or only one did so. 
whereas the other supplied the distal pole together wi th the distal poles of the chain fibres. 
O : trail plate; 0, p1 plate; • , p 2 plate. 
tenuissimus, by inference f rom the pr imary responses to fusimotor st imulation, using 
as many combinations of primary-ending afferents and y-efferents as possible. 
Altogether twenty-two primary-ending afferents and twenty-one y-efferents were 
isolated and tested in combination; only one of the y-efferents was dynamic. Among 
the effects produced by stimulation of the remaining static axons, examples of both 
biassing and dr iving types occurred, similar to those illustrated above for C700 and 
C689. I n addition, there were indeterminate effects that could not be classified into 
either the biassing or dr iving categories, since they combined features of both, as 
shown in the examples of Fig . 6. 
On the basis of the correlations established above, the combination of features that 
occurred in the indeterminate responses indicates that the}' were produced by bag, 
and chain fibres together. I f so, there should never have been more efferents that 
elicited indeterminate responses f rom a single afferent than there were intrafusal 
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b 2 
Unit J 
\ I I I I «l 
4 m m 
i b 2 
1 
Si P Tto 14 
Unit D 
•i J 
b 2 
S , P S 
Un t F 
?/7 
D /1 a 
23 
J—m B t—s b 2 
bib 2 cP S i b 2 cP 
Unit h\ 
Fig. 5. Schematic diagrams of the innervation of selected spindles from experiment C883. 
O : trail plate. 9 , p, plate. .4. in spindle 13 only two efferents innervated the l:iag2 and 
chain fibres: one branched to supply both poles, but it could not be established which of 
the two distal branches was derived from the same parent axon as the proximal branch. 
Both efferents were isolated and had biassing effects on the primary ending (unit .J). B. 
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branches of motor axons supplying bag 2 and chain fibres together in the 
corresponding spindles. This was generally true in C883, and specifically for the five 
afferents f rom which indeterminate responses were obtained (.see Tables 1 and 4). 
Furthermore, no indeterminate response should have been obtained f rom a spindle 
receiving only a segregated motor input. This is not contradicted by either C700 or 
afferent F/spindle 17 (C883), the only examples where completely segregated inputs 
occurred, though in the latter case only two efferents were isolated from a possible 
maximum of four. 
CS70. The results of this experiment are summarized in Table 2, showing 
symbolically the effects of ten y-effurcnts on seven primary-ending afferents. A l l 
seventy combinations were tested, and th i r ty - two (46%) were effective. Each 
efferent activated f r o m one to six of the afferents, whereas each afferent was 
activated by three to six efferents. including a dynamic y in five cases. Among the 
twenty-seven static effects only six were of the dr iv ing type; and in each case 1:1 
dr iving occurred at a restricted range of frequencies somewhere between 50 and 
100 Hz. Only four pr imary endings could be driven in this way; however, the static 
effects that could be elicited f rom each primary ending always included the biassing 
type and either the dr iv ing or indeterminate type. A l l three types of response were 
produced by two primary endings. 
CS76. Of the three experiments described in this section. C876 yielded the greatest 
proportion (16/21, 76%) of effective combinations of y-efferents and primary-ending 
afferents. However, one afferent (F) died after its response to only the first efferent 
had been tested, and another afferent (A) was present in a very small filament along 
wi th interfering afferent responses f rom sources other than tenuissimus, so that its 
responses could not be characterized. Moreover, only four y-efferents were isolated, 
and their conduction velocities encompassed a very l imited range that was close to 
the middle of the ranges of the other two experiments. The nature of the effects of 
the y-eff'erents on the primary-ending afferents are shown symbolically in Table 3; 
all were static and included driving, indeterminate and biassing t\'pes. 
CSS3. This was the most complete experiment, in which seven y-efferents and ten 
primary-ending afferents were isolated, and a f u l l histological analysis was possible, 
in spindle 15 a maximum of four efferents innervated the bag2 and chain fibres, two of the 
branches supplying chain fibres exclusively in the proximal pole. Three efferents were 
isolated, each one producing a different category (biassing, indeterminate, and driving) of 
effect on the primary ending (unit D). (The branch labelled 'to 14' was a /?-axon that 
innervated a long chain fibre in spindle 14.) C. in spindle 17 the chain fibres were all 
supplied, in both poles, by a single lusimotor axon. Two efferents were isolated, both 
having a biassing effect on the primary ending (unit F) . At least one of these must have 
innervated the bug, fibre alone. D, spindle lf)a consisted of a b,b2c component containing 
the recorded afferent (unit H) in tandem with a b2c component. The bag2 and chain fibres 
of the entire complex were supplied by four fusimotor axons all of which were isoluted. 
Only one (yl . 40 m s~') drove the primary ending: this was therefore identified with the 
only intrafusal branch that supplied chain fibres exclusively. Chain fibres of the two 
components are shown separately but may have been in mechanical, or even direct, 
continuity. One efferent (y7. 42 m s"1) had a mixed dynamic/static effect on the primary 
(see Table 4 and Figs 7 and 8) but could not have innervated the bag, fibre. It may have 
been the axon that supplied the distal and intermediate poles of the bag2 fibre, since 
activity here, in the much longer bag, fibre, could conceivably stretch the bag, through 
mechanical linkages. 
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relevant details of which are included here. The physiological results are shown 
symbolically in Table 4. Afferent E was ini t ia l ly isolated and its ending located, but 
i t died before any motor effects could be tested. A l l of the remaining sixty-three 
possible combinations were tested and twenty-three (37%) were effective. Single 
Test Test 
0-5 s 
y2 29 m s"1 y3 36 m s"1 
50 
•. / ' •/*•; ' ' » . 
£
 8 0
 >;-
to 
c o 
100 v. •. . ,:. . 
200 
Fig. (i. C876. Instantaneous frequency displays showing the responses to ramp-and-hold 
stretch of two primary endings, unit D. 57 m s"1 (left) and unit E , 67 m s _ 1 (right) in the 
absence and the presence of fusimotor stimulation having static effects of indeterminate 
kind. Arrangements as in Fig. I. In the example on the left, driving at low stimulus rates 
is replaced by biassing at higher rates; in the example on the right, biassing occurs at 
intermediate rates of stimulation in an otherwise typical driving effect. 
efferents activated f rom one to five of the afferents. each of which, apart f rom 
afferent G, could be activated by two. three or four efferents. 
No dynamic y was found, nor did one appear to be present histologically, since the 
bag, fibres were supplied exclusively by p, plates (see the examples in Fig . 5). Static 
effects obtainable f rom each afferent during y-stimulation included the biassing type, 
and usually included the driving, or indeterminate types, or both. One of the 
efferents (7) produced a marked increase in the dynamic response in addition to its 
static effect on two of the afferents (C and H . Fig. 7). Histological evidence indicated 
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T A B L E 2. Symbolic representation of the effects of stimulating y-efferents on the responses of 
primary endings in the left tenuissimus muscle of cat C870 
Afferents: proximal-> distal No. of 
Efferents spindles 
by cv D E A J 13 H C 7 
41 • • • • O — o 6 
40 — — • • • • • 5 
33 • O • — o • • (i 
31 — — O O — — — 2 
30 — • 1 
28 — — — • — — — 1 
27 A — — — — • — 9 
27 • — • — o — — 3 
24 — — — • — — — 1 
23 • • • • • — — 5 
No. static 4 3 5 5 4 3 3 
No. dynamic- 1 1 1 1 1 0 0 
Total 5 4 (i (> 5 3 3 
Each row shows the effects of a single efferent on the several primaries activated by it. —. no 
effect; # , Massing; O , indeterminate; • , dynamic; A , driving. The afferents are arranged in the 
proximal to distal sequence of their corresponding spindles and are identified alphabetically 
according to the order in which they were isolated. Efferents are arranged by conduction velocity 
(cv. in m s - 1 ) as shown in the column at the left; the total number of spindles supplied by each one 
is given in the column at the light. The numbers of efferents supplying each spindle are summarized 
at the bottom of the table in the corresponding column. 
T A H L E 3. Symbolic representation of the effects of stimulating y-efferents on the responses of 
primary endings in the left tenuissimus muscle of cat C876 
Afferents: proximal -»• 
distal 
Efferents No. of 
by cv 0 H E A D spindles 
36 o • O + — 4 
35 • — • + — 3 
35 • • • + — 4 
29 o O • — O 4 
Total 4 3 4 a 1 
Details as in Table 2 with the addition of: + , positive but unclassified effect. Afferent F (not 
shown) was located between afferents A and 13 and was activated by the efferent with cv 30 m s - 1 , 
but died before the other efferents could be tested against it. 
that in neither case was this due to direct innervation of the bag, fibre, whilst in both 
cases i t revealed peculiarities in the mechanical arrangement of the bag, fibres tha t 
could conceivably have been involved (for afferent H , see Fig . 5). I f so. these mixed 
effects may be included wi th the indeterminate static type, as in Table 1 which is a 
numerical summary of the distr ibution of static effects by type., compared with the 
distribution of the branches of fusimotor axons revealed histologically to supply bag 2 
alone. bag 2 and chain together, or chains alone in the corresponding spindles. 
Although expected, i t is nevertheless important to point out that the number of 
motor axonal branches seen in each spindle was always sufficient to account for the 
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0 5 s 
yl 42 m s " 1 
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50 
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''' to. 
/ \ v \ V 
Fig. 7. C883. Instantaneous frequency displays showing the responses to ramp-and-hold 
stretch of afferents C (7S) in s - 1 ; left) and H (88 m s - 1 : right) in the absence and the 
presence of stimulation of yl. The responses show mixed static-dynamic effects, but the 
bag, fibre was not innervated by the motor axon in either case. 
T A B L E 4. Symbolic representation of the effects of stimulating y-efterents on the responses of 
primary endings in the left tenuissimus muscle of cat C883 
Afferent*: proximal ->distal No. of 
Efferents spindles 
by cv A G K J B D C F H 9 
51 O — — • • • — — • 5 
40 — — O — — — e — 3 
42 • — — • — — o • O 5 
3!) o — — — — O — • • 4 
37 — — • — — — • — — 2 
22 • 1 
1!) — — • — • • — — — 3 
Total 4 0 3 o 
it 
2 3 3 2 4 
Details as in Table 2. 
efferents that activated the corresponding primary ending. This number, which 
ranged f r o m two to six. takes account of two branches that subdivided to supply 
both poles of their spindles, one whose complete distribution remained unresolved 
but which included bag 2 and chain fibres in spindle 13 (see Fig. 5), and one that 
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Tendon organ 
Spindles 
1 P 
2 PS 
3 P 
4 SSP 
9 
10 
11 
12 
13 
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18 
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P 
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b 2c 
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b 2 - b 2 -
b 2 c-l b 2(c)-
b 2. 
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51 46 42 39 37 22 
Conduction velocity (m s" 1) 
19 
Fig. 8. Graphic representation of the distribution of y-efferents among the spindles 
supplied by the distal nerve branch in the left tenuissimus muscle of cat C883. together 
with a schematic diagram of the arrangement of the spindles and their nerve supply in the 
whole muscle. At the left, the spindles are identified by number according to their 
proximal-to-distal sequence, and the sensory complement of each is given. Spindles 3 and 
19b lacked bag, fibres. In the diagram, the short vertical lines represent the overall length 
of the bundle of intrafusal muscle fibres. Recorded afferents were all from primary 
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isupplied only chain fibres in spindle 17. A l l other axonal branches were seen to 
supply only a single pole each, and were usually traced separately into the 
intramuscular nerve t runk ; but the possibility remains that some were derived from 
parent axons that supplied both poles. 
> The histophysiological correlations made above (biassing/bag 2(chain); indeter-
minate/bag,chain ; 1:1 driving/chain) may be extrapolated to the complete results 
T A B L E 5. Analysis of the numbers of spindles supplied by each static efferent in the cat tenuissimus 
in relation to the conduction velocities of the efferents 
Rank P Q S T 
C870 
cv 1 2 3 4 5 6 7 8 9 
Distribution 1 3 1 5 7 7 5 4 7 
C883 
cv 1 2 3 4 5i 6 7 
24 7 17* 0-55 
Distribution 1 4 I 3 6| '7 4 
15 4 l l f 0-58 
Rankings are of conduction velocity (cv), fastest = I, and distribution, widest = I. Taking each 
pair of ranks in turn, P is the total number of times that both the cv and distribution are exceeded 
in rank by the remaining pairs, whereas Q is the total number of times that the cv is exceeded, 
but the distribution is smaller, in rank. The overall score. >S" = P — Q. r is Kendall's rank correlation 
coefficient (Sillitto, 1947). For C870, T - 2S/{n{>i — I) — 2/j,— Qp3). where p, is the number of paired 
ties and p3 is the number of triplet ties. For C883, T = 2S/(n{n — I) —2p,). 
*' For n = 9 with p.2 = 2 and p3 = I, P < 0 05. 
t For n = 7 with p, = 2, P < 01 (P = 0 063). 
of C883 in an entirely consistent manner (Fig. 8), therefore serving to increase the 
confidence with which the generality of the correlations may be accepted. Notice 
that , on this interpretation, whereas the four fastest-conducting efferents almost 
always supplied bag 2 fibres, they also supplied chain fibres extensively. I n addition, 
efferents 1 and 5 each supplied bag 2 and chain fibres separately in different spindles, 
indicating that this is not a rare occurrence. 
(.-eneral observations on the distribution of sialic y-axons especially in relation to their 
c induction velocity 
In.C870 and C883 there appeared to be a tendency for the faster-conducting static 
y -efferents to be more widely distributed among spindles than the slower ones. Rank 
correlation coefficients were similar at 0-55 and 0-58 respectively, but only in the case 
o f C870 was this statistically significant (Table 5). 
Moreover, the faster efferents were less likely to produce driving-type effects than 
t i e slower ones. Thus among the twenty-seven static y-axons f rom all five 
endings; they are identified alphabetically according to the order in which they were 
isolated in dorsal-root filaments, and are positioned opposite their corresponding spindle. 
Efferents are identified according to their order of isolation in ventral-root filaments, and 
are positioned according to their conduction velocities. Apart from afferent E all 
combinations were tested, and the probable intrafusal distribution of the motor axons, 
based on the afferent responses, are given. P, primary ending; S, secondary ending; b2(c) 
signifies that the axon supplied either bag2 alone or bag, and chain fibres together. 
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experiments, thirteen produced dr iving of at least one afferent, but only one 
conducted at 40 m s _ 1 or more, whereas five efferents that conducted at those speeds? 
produced only biassing or indeterminate effects. The likelihood that this would have 
occurred by chance can be estimated as follows: overall 44/61, or 7 2 % of all static 
efferent/primary-ending afferent combinations were of biassing or indeterminate 
T A H L U 6. Assessment of the probability that axons having a driving effect on a spindle primary 
should, by chance, have the slowest conduction velocity of all the static axons supplying the 
spindle, as often as observed in the cat tcnuissimus 
Total no. Probability Relative No. where 
of static No. of being CV slowest 
periment Afferent y-axons driving slowest (fastest. = 1) drives 
C700 E 3 1 1/3 3 1 
C689 D 3 1 1/3 3 1 
F 4 1 1/4 2 
C870 C 3 I 1/3 3 4 
D 4 2 1/2 3, 4 
E 3 1 1/3 3 
H 3 2 2/3 2, 3 
C876 E 4 2 1/2 2, 4 1 
H 3 1 1/3 1 
C883 B 2 1 1/2 2 3 
C 3 1 1/3 3 
D 3 1 1/3 3 
H 4 1 1/4 2 
K 3 1 1/3 2 
Total 14 Average 0-31 Total 10 
Overall probability = "C 1 0(0-3I) '"((Mi!))1 
= 31 x 10"' 
kinds; and twenty-five combinations involved y-axons tha t conducted at 40 m s _ 1 
more, but included only one example of dr iving, i f each combination, irrespective c f 
conduction velocity, had an equal and independent chance of producing dr iving, the 
probabil i ty that the observed distr ibution occurred by chance is 25 x (0-72)'24 x 0-2 i 
or less than one in 350. 
Moreover, an axon that produced I : 1 dr iv ing in a spindle was likely to be the 
slowest-conducting or, when appropriate, next-slowest static axon supplied to the 
spindle. Table 6 lists those primary-ending afferents f rom which a dr iv ing effect coul :1 
be elicited by at least one efferent, together wi th the total number of efferents 
working each of them, and the number and ranking by conduction velocity of the 
dr iv ing axons. Assuming that they had an equal chance of appearing in any of the 
available conduction velocity ranks, the probabili ty is less than one in 300 that the 
efferents that occurred in the slowest ranks did so by chance as often as observec . 
This is particularly remarkable in view of the widespread occurrence of dr iv ing . 
Thus of twelve static y-axons that conducted at less than 40 in s _ I and activated two 
or more primary endings, nine produced a driving-category effect in at least ore 
primary. Wi th in this sample, eight activated three or more primary endings, and six 
of them produced a driving-category effect in at least one primary. Conversely, o f t e n 
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dr iv ing axons that worked two or more primary endings, eight had biassing or 
indeterminate effects on at least one of the primaries, as did all seven y-axons that 
worked three or more primaries wi th in this sample. 
i 
D I S C U S S I O N 
Correlations between muscle-fibre, and static-response types 
I t is proposed that the responses to static fusimotor stimulation may be considered 
as a sequence ranging f rom pure biassing to 1:1 dr iving through indeterminate 
types; and that this may be correlated wi th the morphological range of fusimotor 
innervation in individual spindles f rom exclusively bag 2 to exclusively chain 
distributions, through various degrees of common distr ibution to both types of fibre. 
The end points of the sequence have been established by direct and indirect 
correlations, but only biassing responses have been positively associated with shared 
innervation. However, i f these correlations are consistently applicable, as they were 
in C883, then the indeterminate responses can be confidently ascribed to common 
activation of bag, and chain fibres. 
I t should be emphasized that whereas the biassing effect can be produced either by 
the bag 2 acting alone or in combination wi th chain fibres, the driving-category effect 
may be produced vi r tua l ly exclusively by chain fibres. This is not contradicted by 
any example from the present experiments and is further supported by the similari ty 
between the proportion of driving-category effects (overall 28% of static responses 
due to /"-stimulation) and the proportion of chain-selective, presumed static y-axonal 
branches found in spindles in this study and several others (C883 3 0 % ; overall 3 5 % ; 
Barker, Emonet-Denand, Laporte, Broske & Stacey, 1973; Banks el al. 1981; 
Arbu thno t t e\ al. 1982; Kucera, 1985; R. W. Banks, unpublished observations). 
The correlations imply that chain-fibre dr iv ing can be suppressed, partially or 
wholly, by bag 2 ac t iv i ty . Since 1:1 dr iving may appear to be quite powerful in 
comparison wi th the response produced by the bag 2 alone, some explanation for this 
is required. Two factors seem to be particularly important. Firs t ly, dr iving is length 
dependent, as may be seen, for example, in the responses of C700 uni t E to y3 and 
C689 unit D to y3. Subharmonic dr iving gives way to 1:1 driving, and then 
irregularity of firing, as muscle length is increased. This has subsequently been 
confirmed in an unpublished experiment (C891). 
Secondly, the mechanical arrangements of the equatorial and polar regions of the 
ba^ 2 and chain fibres differ significantly. Elastic fibres surrounding the equatorial 
region of the bag 2 fibre insert into the surface of the fibre juxta-equatorialry (Banks, 
19$4) and presumably absorb some of the tension generated by the contractile pole, 
thereby reducing the primary response to bag 2 activation. This does not occur on the 
chtiin fibres, where instead the equatorial region of the fibres remains relatively 
extended even when their poles are short, presumably due to juxta-equatorial 
tension transmission by some as yet unidentified mechanical linkage (Banks, 1986). 
Th'3 occurrence and location of chain-fibre kinking (Boyd, 1976; B . W . B a n k s , 
unpublished observations) indicates that some equatorial tension persists in the 
chs in fibres even when their poles are completely slack. 
'hese mechanical arrangements are consistent wi th the possibility that con-
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comitant bag 2 ac t iv i ty in the same pole as active chain fibres could unload the chain 
fibres so as to prevent them from generating sufficient tension to exceed tha t 
transmitted f rom some external source to the chain-fibre equatorial region, 
particularly i f the bag 2 fibre itself contributes to that source. Such a mechanism has 
recently been proposed to explain the occasional inhibi tory effect of static y-axohs 
on secondary endings (Gioux, Peti t & Proske, 1990). Moreover. Boyd (1976). using 
the semi-isolated spindle preparation, directly observed unloading of chain fibres by 
bag-fibre act iv i ty in the same pole. 
The bag 2/biassing and chain/driving correlations described above are in broad 
agreement wi th those of Boyd (1981. 1986). but the remainder of the correlation 
conflicts wi th his conclusions. Prior to 1986, Boyd docs not appear to have recognized 
the existence of non-selective static y-axons whose activation produced biassiiig. 
non-driving primary responses; rather, non-selective axons were always described as 
enhancing an otherwise typically chain-produced driving (Boyd & Ward, 1982; Boyd 
et al. 1983; Boyd, 1985). Furthermore, dr iving at only subharmonics of the stimulus 
rate, such as occurred in some of the present indeterminate responses, was described 
as peculiar to selective chain-fibre activation (Boyd el al. 1983). I f the mechanical 
analysis presented above is correct, i t is d i f f icul t to see how bag, ac t iv i ty could ever 
enhance chain-fibre driving, and though i t may be supposed that observation of 
intrafusal-fibre movements may, through its directness, be particularly reliable, 
there have been several instances of contradictory conclusions drawn f rom i t (Barker 
& Banks, 1986). I t is relevant here that Boyd (1986) at tr ibuted to exclusively chain-
fibre act iv i ty a much higher proportion (48%) of inferred static y-distributions 
wi th in individual spindles than is likely on the basis of the known histology. 
Estimation of the completeness of the results from C870 and CSS3 
I n terms of the numbers of afferent, and efferent axons isolated and tested i in 
combination, experiments C870 and C883 arc probably the most complete so far 
described, each representing sixty-three spindle/static y-combinations. Recordings 
were made f rom almost all of the spindle primaries supplied by the distal bran ch! of 
the tenuissimus nerve in each case, and the histological results f rom C883 can be used 
to estimate the completeness of the isolated motor supplies. 
On the basis of the total number of presumed static y-axonal branches that 
supplied the spindles from which recordings were made, a maximum of th i r ty-eight 
positive responses would have been expected, fifteen more than were actuajlly 
obtained. Since each isolated static axon activated on average 33 of the spindles, 
the deficit in responses could be accounted for by four or five axons, though only 
three axons would be required i f the proportion supplying both poles of a spindle was 
as high as that found by Barker et al. (1973). Thus the mean number of static y-axons 
innervating each spindle would be between 36 and 4-2, whereas the observed value 
was 2 6. However, in C870 an average of 3 9 static y-axons activated each spindle, so 
that in this case the motor supply is unlikely to be missing more than one axon end 
may be complete. I n each of these two muscles, therefore, there were proba sly 
between ten and twelve y-motoneurons, values tha t may be compared wi th the to ta l 
numbers of motoneurons found by Lev-Tov, P ra t t & Burke (1988) to range f r a m 
eight to thirty-one, approximately half of which were estimated to be y-neurons. 
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These conclusions demonstrate that the accuracy of the quanti tat ive results 
concerning the distribution of the static y-axons can be accepted wi th confidence. 
S\ otic y distribution among spindles 
Despite the small number of muscles involved, the quantitative results clearly 
demonstrate the existence of a differential distribution of static y-axons according to 
ccinduction velocity and hence, presumably, neuronal size. This allows the possibility 
of a l imited amount of separate central control of bag 2 and chain fibres, or of 
quential recruitment according to the size principle (Henneman, 1981). 
Faster-conducting axons are more widely distributed and, as judged by their 
scarce I : J dr iv ing effects, much less likely to innervate chain fibres exclusively than 
e slower fibres (see also Boyd el al. 1977). However, the separation of biassing, 
determinate and dr iving responses is so imperfect, particularly among the slower 
axons, that i t cannot be taken as evidence of more than one type of y-neuron. 
Conversely any static y-axon wi th a sufficiently wide distribution seems to innervate 
both bagj and chain fibres with varying degrees of segregation in the several spindles 
supplied by i t . 
This is consistent wi th the results of Barker el al. (1973) in which single static y-
axons were studied in muscles whose remaining motor innervation had degenerated 
after ventral root section. Al l of the six axons whose distribution is tabulated in 
detail in that study (Barker el al. 1973) included both bag and chain fibres in their 
motor units, and three of them each supplied bag and chain fibres separately in 
different spindles. The present results are also consistent wi th the distributions 
inferred f rom glycogen-depletion experiments (Brown & Butler, 1973; Barker, 
Emonet-'Denand, Marker, Jami & Laporte, 1976) provided that the probably 
spurious bag, depletions are ignored. 
Al l these experiments were carried out on tenuissimus so i t is particularly 
important that Brown, Crowe & Matthews (1965) noted that dr iving was produced 
more frequently by slow static y-axons than by fast ones in the tibialis anterior. 
Moreover, as may be seen by reference to their Fig. 14, Emonet-Denand, Laporte, 
Matthews & Peti t (1977) found tha t in peroneus brevis t : 1 dr iving occurred in only 
ten of seventy-six static effects on primary responses; that nevertheless these were 
produced by eight of the twenty-five y-axons involved; and that individual axons 
might produce different effects in different spindles. 
The existence of differential distribution of a single population of static y-neurons 
among two effectors raises interesting functional and developmental problems. Thus, 
whereas i t might provide sufficient segregation to account for the observations, based 
oni cortical, brainstem or reflex activation that have been taken to support the 
subdivision of static y-neurons into two kinds (Gladden & McWil l iam, 1977a, b; 
Wand & Schwarz. 1985), functional segregation of bag 2 and chain-fibre activation is 
far f r o m complete. 
I n the absence of a fu l l understanding of the separate roles of the intrafusal muscle 
fibres one cannot exclude the possibility that the observed pattern of innervation is 
positively adaptive rather than a maladaptive condition that is insufficiently 
harmful to be eliminated through evolution. That i t may be adaptive is made more 
likely by the probable existence of developmental mechanisms which could bring 
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about vir tual ly complete segregation, as suggested by the general occurrence of 
motor-unit homogeneity in the adult (Kugelberg, 1981). Even the skeletofusimotor 
or /S-motor units may not breach this generality in the same way as static fusimotor 
units, because, of course, only their intrafusal component receives sensory as well as 
motor innervation. 
But perhaps the most remarkable observation concerning the distr ibution of the 
static y-axons is that those that drive primary endings 1 : 1 over a range of stimulus 
frequencies, and hence are probably distributed exclusively to chain fibres, almost 
always have the slowest conduction velocity of all the static axons supplying the 
spindle, even though they may not be the slowest-conducting axons in the muscle as 
a whole. This distribution might make sense in terms of a strict size-principle 
activation, i f j t has an adaptive functional origin. I t may be brought about even i f 
individual static y-axons do not inherently prefer bag s or chain fibres but rathei i f 
their conduction velocities in the adult were to reflect the time of axonal entry into 
the muscle during development (as may be implied for the afferents ; Milburn, 1984), 
since chain fibres are the last intrafusal fibres to be formed. 
I would like to thank Mandy Edge and Dave Hutchinson for valuable technical assistance, 
Mohammed Adal for participating in experiment C870, and David Barker and Mike Stacey for 
commenting on the manuscript. 
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CHAPTER 26 
Neuronal specificities in the reinnervation of muscle 
spindles 
Introd iiction 
R.W. Banks and D. Barker 
Department of Biological Sciences, University of Durham. South Road, Durham, DHI 3LE. UK 
ends of muscle fibres during development (Zelena 
and Soukup, 1977). 
Spindle primary endings and tendon organ sen-
sory endings are supplied by rapidly conducting 
afferent axons of groups la and lb, respectively, 
whereas spindle secondary endings are supplied by 
more slowly conducting axons of group I I . A l -
though the spindle and tendon organ endings all 
have a low threshold and are slowly adapting in 
response to suitable stimulation, their positions 
relative to the extrafusal muscle fibres result in 
opposite responses to muscle contraction. Further-
more, the three types differ in the importance of the 
phasic, or dynamic, component of their responses 
(Fig. 1 C - E ) , which is probably related to the diver-
se mechanical properties of the underlying muscle 
or tendon fibres. Centrally, they have quite different 
reflex effects that must be important in their roles in 
motor control (Brooks, 1986). Matching the central 
and peripheral specificities of the afferent axons in 
reinnervation is, therefore, essential for the normal 
restoration of function after nerve lesion. 
In most skeletal muscles the specialized intrafusal 
fibres of muscle spindles contribute a very small 
propo tion of the total muscle fibres comprising the 
muscle, either by volume or by number, but they 
receivt: by far the largest proportion of the mye-
linatec axons in the nerve supply. Most of these are 
afferer t, whose sensory endings occur in the middle 
(equat msA) and adjacent (juxta-equatorial) regions 
of the intrafusal fibres (Fig. I A), where they are 
protec:ed by a complex capsule composed of 
perineurium and connective tissue (Barker and 
Banks, 1986). Here, especially in the equatorial 
region the myofibrils are attenuated and replaced 
by vesjcular nuclei. In development the intrafusal 
fibres seem to arise from the same population of 
myotubes as do the ordinary (extrafusal) muscle 
fibres, differentiation being initiated after contact by 
a sensory neurite which, in the mature spindle, gives 
rise normally to a single, equatorial, primary ending 
(Milbu.rn, 1984; Kucera and Walro, 1990). Sub-
sequently, other sensory neurites may arrive to form 
juxta-equatorial secondary endings, whose number 
follows a binomial frequency distribution, indica-
ting that they associate randomly with the develop-
ing spindles (Banks and Stacey, 1988). The only 
other encapsulated sense organ that occurs com-
monly in skeletal muscles is the tendon organ (Fig. 
1B), in which the sensory ending lies among modi-
fied tendon fibres after a transient contact with the 
Reinnervated muscle spindles 
After peripheral nerve lesions in the adult, resulting 
in degeneration of the sensory endings, the gross 
structure of the muscle spindle persists so that sites 
of former primary or secondary endings remain 
recognizable for a considerable time. Moreover, a 
lesion affecting only the axons, such as nerve crush, 
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Fig. 1. Representative encapsulated muscle afTerenls and their 
responses from normal hindlimb muscles or the cat. A.B. 
Tracings or teased, silver-impregnated preparations of the sen-
sory region of a muscle spindle (A) and of a complete tendon 
organ (f l ) to the same scale (bar: 500 jim). The spindle contains a 
primary (P) and two secondary (S) endings supplied by group la 
and I I afferent axons, respectively; note the obvious difference in 
form between the primary and secondary terminals. The tendon 
organ has a single ending supplied by a lb afferent. C-E. 
Reciprocal-interval or 'instantaneous-frequency' displays (dot 
rasters above zero frequency baseline) of the sensory discharges 
of a primary ending (C). a secondary ending (D) and a tendon 
organ (£) . Muscle length is shown by the lowest trace in each 
case. Calibrations - vertical: 100 impulses s"'; horizontal: (C, D) 
0.5 s; (£ ) 2.S s. The spindle afferents are stimulated by ramp-and-
hold stretch (upward displacement of muscle length trace); the 
tendon organ by a similar stretch followed by ventral root 
stimulation at 50 Hz (horizontal bar). Note that the spindle 
afferents are tonically firing prior to stretch. The response has a 
rapid onset shown most markedly as an initial burst of impulses 
from the primary. Also the dynamic index (difference in firing 
rate at the end of ramp and that of the static discharge 0.5 s later) 
is greatest in the primary ending. Conduction velocities of af-
ferents (ms" ' ) : (C) 86; {D) 36; ( £ ) 95. 
is followed by reinnervation leading to virtually 
complete structural and functional restoration of 
the intrafusal nerve endings in their normal loca-
tions (Hyde and Scott. 1983: Barker et aL 1985). 
Presumably the regrowth of the axons is guided by 
their uninterrupted endoneural sheaths, since dis-
ruption of the sheaths by nerve section results in 
incomplete and abnormal reinnervation (Gregory 
et al., 1982: Banks et al.. 1985). although individual 
endings can appear normal. 
Initially our observations were made on the 
peroneus brevis muscle of the cat after section of the 
mixed musculo-cutaneous common peroneal nerve 
(Banks and Barker, 1983). It soon became apparent 
that the cutaneous afferenis could reinnervate 
muscle spindles, but they never behaved like normal 
spindle afferents, most of them not responding to 
muscle stretch at all; and their often extensive ter-
minal branches were associated with connective 
tissue rather than with the intrafusal muscle fibres. 
For these reasons they will not be considered fur-
ther here. 
Regenerated afferents that responded to muscle 
stretch and were identified as having reinnervated 
muscle spindles showed, by the nature of their 
responses, essentially normal mechanosensory 
transduction, although mean firing rates were signif-
icantly depressed (Fig. 2). Nevertheless, unlike nor-
mal primary and secondary endings, they failed to 
segregate into two populations (Fig. 3); in particu-
lar, there were some that conducted with group I I 
velocities but showed primary-like responses, and 
rather more that conducted with group I velocities 
but responded like secondary endings (Fig. 4) 
(Banks and Barker, 1989). 
These observations indicated that some of the 
afferents had formed functional endings in inappro-
priate locations. We were able to test the possibility 
that they might include lb afferents previously sup-
plied to tendon organs by exploiting the peculiar 
composition of the interosseous branch of the tibial 
nerve in the cat. This branch innervates the inter-
osseous membrane and the adjacent origin of the 
flexor hallucis longus muscle, its group I and I I 
components being almost exclusively derived from 
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Fig. 2. Plots of certain response characteristics or normal peroneus brevis spindle afferents (rilled circles), and those of afferents 
reinnervating peroneus brevis spindles 40-50 weeks after section of the common peroneal nerve in the cat (open circles). Mean firing 
rates of regenerated aflerents are significantly lower than those of the normal ones, but their regression relationships do not differ. 
Regression lines are shown for the combined normal and regenerated populations. A. Plots of range of dynamic index for 2.S, S and 
l O m m s " 1 ramp stretches against dynamic index of 5 rams"1 stretches. B. Plots of static discharge after 0.5 s of extended length against 
adapted tonic discharge before stretch. 
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tendon organs and pacinian corpuscles, respec-
tively. Reinnervation of spindles in the flexor digito-
rum longus (FDL) muscle after section and 
cross-i nion of the adjacent interosseous and FDL 
branches of the tibial nerve demonstrated that lb 
afferents could indeed form functional intrafusal 
endings (Banks et al.. 1984; Banks and Barker, 
1989). Collins et al. (1986) came to a similar conclu-
sion after measuring field potentials in the moto-
neuron pool of medial gastrocnemius muscle 
Intrafusal bundle 
I b afferent 
Primary 
region 
Secondary 
region 
Nuclear bag 
B I b afferent 100 /im 
Intrafusal 
bundle 
Primary region 
Nuclear bag 
Fig. 6. Tracings of teased, silver preparations of FDL spindles innervated by regenerated interosseous lb afferents after cross-union of 
interosseous and F D L nerves. A. Ib afferent, diameter 4.0 ftm, innervates a site previously occupied by an S, secondary ending: a branch 
has grown beyond this, made a hairpin bend in the old la pathway, and finally petered out in a few terminals in the primary region 
marked by collection of equatorial nuclei (nuclear bags). B. Ib afferent, diameter 4.8 /im, innervates a site previously occupied by a 
primary i :nding. Terminals are diffuse and irregular and lack the transverse terminal bands around the nuclear bags characteristic of 
primary endings formed by normal and regenerated la afferents. 
Fig. 5. Responses of regenerated interosseus Ib afferents innervating F D L spindles after cross-union of interosseous and F D L nerves. 
A.B. Primary-like response (A) and secondary-like response (B) to ramp-and-hold stretches: conduction velocities 65 and 64 m s " 1 . 
respectively. Both impulse trains and reciprocal-interval plots are shown. C, D. Plots of difference between the peak firing rate of the 
initial burst of the response to a 10 mms" 1 ramp and the static discharge against conduction velocity for (Q normal F D L spindle 
afferents: and (D) regenerated interosseous Ib afferents innervating F D L spindles. Note that all the Ib afferents in (D) are relatively fast. 
Arrows in D indicate plots for the responses shown in (A) (short arrow) and (B) (long arrow). 
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reinnervated after nerve section. Responses of the 
endings showed virtually the complete range of 
characteristics as the combined population of nor-
mal primary and secondary endings, although all 
the regenerated lb afferents were relatively fast-
conducting (Fig. 5). Histologically, the endings were 
found to be located equatorially, juxta-equatorially, 
or in both regions, thus corresponding to the broad 
range of their responses (Fig. 6). They appeared to 
prefer sites formerly occupied by secondary end-
ings, where they would produce terminals closely 
similar to those of normal secondary endings, but i f 
such a site was not available they ended equato-
rially, forming irregular terminals wholly unlike 
those of the normal primary ending (compare Figs. 6 
and \A). 
Typically, the innervation of skeletal muscles in-
cludes both spindle and tendon organ afferents so 
that at least some of the inappropriate reinnerv-
ation that we observed in peroneus brevis muscle 
spindles could be confidently attributed to lb af-
ferents. Consequently, it was necessary to enquire 
what would be the nature of the reinnervation of 
spindles by their own afferents in the absence of the 
lb input. The answer was provided by the tenuissi-
mus muscle of the cat which receives about 40 
spindle afferents distributed among some 17 cap-
sules, whereas it frequently lacks tendon organs and 
rarely possesses more than one. Reinnervation of 
8 
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Fig. 7. A. Photomicrograph of the equatorial region of a tenuis-
simus spindle reinnervated by a presumed group I I afferent 
(conduction velocity 26ms~ ' ) forming an ending in the old 
primary site (P). B. The response of the ending in (A) to ramp-
and-hold stretch showing primary-like dynamic behaviour. 
Fig. 1A 
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the tenuissimus muscle after section of its nerve 
resulted in a much more normal pattern than that 
seen in peroneus brevis with relatively large-dia-
meter axons (mean 5.0 nm close to the spindles) 
almost exclusively ending in primary-like bands and 
spirals in the equatorial regions, whereas smaller 
axons (mean 3.0 jim) ended predominantly in old 
secondary sites with virtually normal terminal form. 
These were, therefore, identified as group la and I I 
afferents, respectively. Abnormalities remained, 
however, in that group I I afferents occasionally 
ended equatorially (Fig. 7), or even in polar regions 
where there could not previously have been any 
sensory endings; and there might be multiple in-
nervation of single spindles by la axons, whereas the 
majority of spindles (57%) lacked any la innerv-
ation (Banks and Barker, 1989). Furthermore, for 
regenerated la afferents it was possible to determine 
whether they had followed the original la pathways 
or s|ome others, usually old I I pathways. In 18 
examples where both possibilities were available 
only 8 had returned via the la pathways. 
In normal muscle spindles the sensory terminals 
are intrasarcolemmal. lying between the plasma 
membranes of the intrafusal fibres and their basal 
laminae, in contrast to the extrasarcolemmal motor 
terminals. The arrangement may be important in 
mechanosensory transduction, so for this reason, as 
well as the question of target recognition, it was of 
interest to see whether regenerated afferents occu-
pied the same position. We have confirmed that this 
is so both for native- and Ib-reinnervated spindles 
of tenuissimus and FDL, respectively (Adal and 
Banks, 1990) (Fig. 8). The equatorial nuclei, also 
probably important in transduction and, therefore, 
an important feature of intrafusal fibre differenti-
ation, were only maintained in the presence of 
sensory terminals, whether la, I I or lb. In perma-
nently deafferented fibres they were replaced by 
well-developed cross striations. 
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Fig. 8. Electronmicrographs of transverse sections through the sensory regions o f F D L spindles showing the intrasarcolemmal location 
of sensory terminals (T) between the basal laminae (arrowheads) and plasma membranes (arrows) of intrafusal muscle fibres. 
N : equatorial nucleus; bar: 2 fim. A. Part of a large (nuclear bag) fibre of a normal spindle. B. Small (nuclear chain) fibres reinnervated 
by a lb afferent after cross-union of the interosseous and F D L nerves. 
Conclusion 
Reinnervation after nerve section involves the re-
generating neurites in two crucial choices, pathway 
selection and target recognition, whose outcome 
determines the quality of recovery. For the muscle 
afferents described here the evidence clearly indi-
cates that, whereas they may be able to recognize 
afferent pathways as such, they are unable to discri-
minate between them in terms of their desti-
nations; consequently, the afferents distribute them-
selves randomly among potential targets whether 
appropriate or not. The likelihood of misrouting 
increases with the complexity of the composition of 
the nerve at the site of the lesion, and many path-
ways might lead to sites without recognizable tar-
gets. However, in muscle spindles all three types of 
muscle afferents are able to form functional endings 
249 
th< i locations of which indicate that they have sim-
ila r, and rather precise, specificities in target recog-
nil ion. Nevertheless, some differentiation is possible 
as shown, for example, by the preference of Ib 
aflerents for old secondary sites. 
inevitably, the contrast between the outcome of 
innervation in normal development and that of 
rei nnervation after nerve lesion calls for an explana-
tion. As yet several possibilities are feasible; for 
example, developing afferents may be much more 
specific in pathway and target selection than regen-
ere ting ones; conversely, the choice of pathway and 
tai get might be just as random in development as in 
rei inervation, but might be followed by a period of 
initial differentiation in a pluripotential system. 
Whichever is correct will have important conse-
quences for our future approach to the problems 
arising from nerve injury. 
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Studies on the Motor Innervation 
of the Cat's Muscle Spindle 
R. W . BANKS 
Department of Biological Sciences, University of Durham, UK 
Although mammalian muscle spindles regularly contain three types of 
intrafusal muscle fibre, the organization of their motor innervation 
varies considerably, even within a single muscle. Since it is only 
through knowledge of the nature and extent of the variability that the 
organizational principles governing the motor innervation can be 
discovered, this knowledge is likely to be important in understanding 
the role of the muscle spindle in motor control. Furthermore, it is 
likely to have implications for theories of neuromuscular pattern 
formation in general, since intrafusal and extrafusal muscle fibres seem 
to be derived from the same population of primary myotubes (Barker, 
this volume). It is therefore chastening to realize that our knowledge 
of the intrafusal motor innervation may be considered to be anywhere 
nearly complete for only one muscle, the tenuissimus of the cat. 
The description that follows is a summary of my recent observations 
based largely on teased, silver-impregnated preparations, supplemented 
with serial-section reconstructions from previously published work 
(Banks 1981, 1991a; Banks et al. 1981; Kucera 1984; Kucera et al 1984; 
Kucera & Hughes 1983). It concerns the provision of motor axons to 
individual spindles of tire tenuissimus and of their distribution within 
those spindles; I have dealt elsewhere with the distribution of static y 
axons among several spindles (Banks 1991b). 
The elements involved are illustrated in Fig. 1, which is a schematic 
diagram showing the innervation of one particular spindle (the second 
in proximal-to-distal sequence from experiment C883 of Banks, 1991b). 
The criteria used to identify the bag] (bj), bag2 (b^, and chain (c) 
fibres, and the motor endings, have been described previously (Banks 
et al. 1982,1985); some chain fibres possessed a pole of similar length 
and diameter to those of the bag fibres, and were thus identified as 
long chain (lc) fibres. 
31 
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Fig. 1. Schematic diagram of the innervation of a representative spindle, 
illustrating the elements concerned: muscle fibres (bj,bagi; D2, bag2; c, 
chain; lc, long chain), sensory endings (P, primary; S, secondary) and 
intrafusal motor branches (filled circles, pi plates; open circles, trail 
plates). 
The intrafusal branches of motor axons, such as those shown in the 
diagram of Fig. 1, were traced as far into the nerve as possible, and 
often into the main intramuscular nerve. In 43 spindles the number of 
motor-axon branches entering each one ranged from 2 to 13, with a 
mean of 6.95. The frequency distribution of different numbers of 
branches was not significantly different (%2 test) from a binomial 
distribution with parameters n = 20, p = 0.35, indicating that the 
branches were randomly distributed with respect to the spindles. In 
most cases it was possible to differentiate the intrafusal branches of p 
and y axons. They numbered from 1 to 6 (mean 3.2) and from 1 to 7 
(mean 3.8) per spindle respectively. Again they appeared to be 
randomly distributed to their spindles, the frequency distribution of 
the ^branches not differing significantly from binomial form with 
parameters n = 12, p = 0.27, nor that of the jfi branches from binomial 
form with n = 8, p = 0.48. 
It may be recalled, however, that the number of afferent axons 
additional to a single la also follows a binomial frequency distribution 
(Banks & Stacey 1988). It is possible, therefore, that the frequency 
distributions of the numbers of both afferent and efferent axons could 
be randomly determined with respect to their spindles, yet be 
correlated with each other. This possibility could be tested in one case, 
C883, where the results were particularly complete: both %2 
regression analyses showed a very clear tendency (P < 0.01) for 
spindles with more afferents to receive more y branches, but there was 
no relationship between the numbers of P branches and afferents. 
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Three silver-impregnated muscles that were complete, or virtually 
so, yielded 51 spindles supplied by 330 branches of motor axons. The 
intrafusal distributions of 269 of the branches were traceable to their 
destinations on bag!, bag2, chain, or long chain fibres (Table 1). All 
branches to lc and b\lc, most to by one to b 2 and that to ?b|b 2 were 
identified as belonging to (3 axons. The query relates to the identity of 
a bag fibre, co-innervated with the bag2, in a spindle containing three 
bag fibres. The remaining branches, mainly to b 2 , c, or b 2c, were 
identified as belonging to y axons. 
Table 1 
The distributions of intrafusal branches of motor axons to tenuissimus muscle 
spindles of 3 cats 
bl D T I C lc 7b! b 2 b 2 b 2 c c Unknown total 
C 6 3 7 21 6 10 12 12 46 107 
C 7 0 0 35 1 6 1 16 7 19 12 97 
C 8 8 3 47 1 9 20 26 20 3 126 
total 103 2 21 1 46 45 51 61 330 
The proportion of motor branches supplying b| fibres was similar in 
each of the three muscles (34-41%, mean 38%). In C883 the entire b^ 
motor supply appeared to be derived from p axons. As with the total 
population of P branches (including those to b l^c and lc fibres), 
regression analysis showed no relationship between the number of 
branches to bj and the number of afferents. 
The b 2 and c fibres also received similar proportions of the motor 
branches in each of the three muscles (49-56%, mean 53%), but within 
this group the proportion that co-innervated both types of fibre (b^) 
was more variable, ranging from 17% in C700 to 40% in C883. The b 2 
and c fibres in each spindle pole might receive a completely segregated 
motor input as in the proximal pole of the spindle of Fig. 1, a 
completely mixed input as in the distal pole of that spindle, or an input 
variously segregated such as to b 2 and b 2c. Of 58 poles, the b 2 and c 
fibres were supplied only jointly in 19, completely separately in 21, not 
at all in 1, and with various degrees of segregation in the Best. The 
three polar types (ignoring the rarity without innervation) therefore 
occur with about equal frequency, and if they associate randomly in 
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complete spindles the six possible combinations should also occur 
about equally often. The deviations that there were - fewer 
mixed/partially segregated and more mixed/wholly segregated than 
expected - did not depart significantly from the overall random 
expectation (x 2 test). 
Nevertheless, as with the numbers of static y branches supplied to 
spindles, so with their intrafusal distribution, an apparent randomness 
in the association of differently segregated poles could conceal a 
relationship with the afferent supply, since that itself is subject to 
random variation. In order to examine this possibility, individual 
spindle poles were first scored as follows: 
Of 74 poles, 36 lacked secondary endings and had a mean motor-
supply score of 0.64, whereas the 38 that possessed one or more 
secondary endings had a mean motor-supply score of 1.34, clearly 
indicating that the degree of segregation of input to the bag 2 and chain 
fibres is correlated in some way with the presence of secondary 
endings. Adding the scores for both poles of complete spindles 
showed that the static y supply is increasingly segregated as first one 
pole and then both receive secondary endings. The motor-supply 
scores departed significantly (P < 0.01, %2 t e s t ) fr°m values that would 
be expected if no such relationship were to exist. 
It might be supposed that this is due simply to a progressive 
segregation as the number of static y branches to a spindle increases in 
step with the number of afferent axons. But the relationship was not 
actually so straightforward, since there was a tendency for segregated 
poles to be supplied by fewer (mean 2.2) branches than partially 
segregated poles (mean 2.5 branches), even though unsegregated poles 
were almost always supplied by a single branch (mean number 1.1). 
This effect, combined with the increased numbers of static y branches 
in spindles with more afferents, resulted in a much greater degree of 
segregation of static y input to spindles with secondary endings in one 
pole as compared to those with only primary endings (difference of 
scores, 2.14-0.88 = 1.26), than of spindles with secondary endings in 
both poles as compared to only one pole (difference of scores, 2.88-2.14 
= 0.74). 
Static y supply 
unsegregated 
partially segregated 
segregated 
0 
1 
2 
Score 
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Finally, one further possibility concerning the intrafusal distribution 
of static y branches remains to be examined: whether, in spindles with 
secondary endings in only one pole, the static y innervation is more 
segregated in that pole than in the other. Fifteen spindles were 
relevant to this question of which 11 supported the proposed 
relationship whereas 4 contradicted it. Assuming that the more 
segregated static y innervation is equally likely to be associated with 
either pole, the probability that the observed numbers occurred by 
chance is l 1 5 C n (0.5)n(0.5)4 = 0.042. This is sufficiently low to confirm 
the relationship. 
The results presented in this paper demonstrate the interplay of 
random and deterministic factors in the organization of the innervation 
of mammalian muscle spindles, and they have revealed some 
surprising subtleties concerning the intrafusal distribution of static y 
axons. In contrast to P axons, the number of y branches entering 
spindles is related to the number of afferent axons, and this may reflect 
basic differences in their requirements for guidance during 
development. It is worth noting that y axons almost always enter 
spindles in company with afferent axons whereas p axons often do not 
(see Fig. 1 for example). 
The number of static y axons that supply a spindle whose sensory 
innervation consists only of a primary ending is typically 2, as shown 
by the regression relationship between the number of static y axons (y) 
and the number of afferents (x): 
y = 0.73 + 1.25x 
In principle this would allow complete segregation of the motor 
supply to the bag2 and chain fibres, yet it is the spindle poles rather 
than the different intrafusal fibres that are normally innervated 
separately. When a secondary ending is added, the corresponding 
increase in the number of static y axons entering the spindle is 
sufficient to allow one pole to receive a wholly or partially segregated 
motor supply. It is remarkable enough that this does usually occur -
59% of poles with 2 static y branches are wholly segregated and 34% 
are partially segregated - but it is particularly remarkable that the pole 
with the secondary ending normally (73%) receives the more 
segregated input (again, see Fig. 1, for example). 
I 
1 This amounts to an impressively complex organization, but any 
functional benefit that it provides is obscure, since the only sensory 
ending with a proportionately large contribution to the bag2 is the 
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primary (Banks et al. 1981, 1982), and we have seen that a segregated 
motor input is most commonly absent from spindles that possess a 
primary ending alone. So far as the secondary ending is concerned it 
would seem to be virtually irrelevant whether its motor input was 
segregated or not; but it may be important that those axons which in 
part provide a segregated input to chain fibres (and hence are likely to 
excite secondary endings) tend to have the slowest conduction velocity 
of the static y axons supplying the spindles concerned (Banks 1991b). 
Perhaps the most important functional requirement is for the 
provision of several distributed, exclusively fusimotor, static inputs to 
the whole spindle complement of a muscle. It is then conceivable that 
the developmental programme, presumably involving contact 
guidance by afferents and known to involve the sequential appearance 
of the chain fibres after the bag2, inevitably results in a degree of 
intrafusal segregation which is itself of little functional significance. 
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Comparison of Muscle-Receptor Recovery After Nerve 
Repairs Using Neural and Non-Neural Grafts of Two 
Lengths 
D. Barker, R.W. Banks and R .B. Berry1 
Department of Biological Sciences, University of Durham, and 'Department of Plastic 
Surgery, Shotley Bridge Hospital, Durham, U . K . 
Summary 
We have examined the sensory reinnervation of muscle spindles and tendon organs 
in teased, silver preparations of cat peroneal muscles after graft repairs of 2 -15 mm 
defects in the muscle nerves in order to compare recovery after different lengths (2 mm 
and 10-15 mm) and different types of graft. The grafts were either neural (same or 
sural nerve) or non-neural (collagen-glycosaminoglycan matrix or freeze-thawed 
muscle). T h e significant (p < 0.05) factor affecting the outcome of the sensory 
reinnervation was not the type of graft used, but its length. In terms of annulospiral 
endings restored by stretch afferents, grafts 2mm long gave, on average, results that 
were from 3.0 to 3.6 times better than grafts 10-15 mm long. Restoration of primary 
( la) endings to spindles averaged from 3 to 15%. Despite fair motor recovery, 
application of small-amplitude vibratory stimulation showed that the monosynaptic ( la) 
stretch reflex was absent in peroneus brevis after 10-15 mm same-nerve grafts. This is 
attributed to insufficient primary endings and mismatched, but functional, afferent 
reconnections. 
Keywords: Muscle afferents; muscle nerves; muscle receptors; muscle spindles; 
myotatic reflex; nerve grafts; stretch reflex. 
Introduction 
I t is well established that the sensory feedback from limb muscles plays an 
important part in their motor control. When this feedback is impaired, as in 
patients with large-fibre sensory neuropathy, accurate maintenance of posture 
and the fine control of movement become heavily dependent on visual 
guidance 1 ' ' ' 1 6 1 7 . The large fibres involved are the proprioceptive muscle 
afferents that innervate muscle spindles (la and spindle I I afferents) and tendon 
organs (lb afferents); their annulospiral endings monitor muscle stretch and 
tension and provide the sensory feedback required for the reflex control of 
muscle contraction and its co-ordination. 
Banks et a/.1 and Banks and Barker 2 have shown that after section and 
microsuture of the cat common peroneal nerve large muscle afferents are able 
to regenerate and functionally reinnervate some spindles and tendon organs 
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with annulospiral endings. The number of such reinnervated receptors 
observed in any given muscle, expressed as a percentage of the total examined, 
provides a measure of the amount of annulospiral afferent reinnervation 
achieved. This is referred to as the spiral index. Such assessments of afferent 
reinnervation of muscle may be used to compare different methods of nerve 
repair, or to evaluate the results of varying different factors that may affect the 
course of normal regeneration following the same method of nerve repair. The 
value of spiral index assessments has already been demonstrated by us in other 
work in which the reinnervation and recovery of muscle receptors has been 
quantified after immediate and delayed nerve repair6, after temporary 
ischaemia in muscle grafts 1 8, and after muscle devascularization7. 
In this investigation we have used the spiral index to compare the afferent 
reinnervation of spindles and tendon organs achieved in peroneal muscles after 
nerve repairs in cats made with neural and non-neural grafts of two lengths. In 
the case of the reinnervated spindles we have also determined the number of 
primary endings that have been regenerated by la afferents. Such endings, 
though smaller than normal, can easily be distinguished from primary endings 
regenerated by lb or spindle I I afferents 2. We refer to the percentage of 
spindles with la primaries, in a reinnervated muscle as the la index. Establishing 
the la index provides some indication of the degree of myotatic recovery that 
might be expected of a reinnervated muscle since it is the la afferent that 
excites the monosynaptic stretch reflex. 
The neural grafts used were either a portion of the same nerve sectioned 
(the common peroneal) or a portion of the sural nerve, whereas the non-neural 
grafts were either composed of the biodegradable collagen-glycosaminoglycan 
(CG) matrix developed by Yannas et A / . 1 9 or strips of freeze-thawed muscle as 
used , by Ide 1 2 and Glasby et a/.10. In some experiments we were able to 
measure the maximal tetanic tensions developed by the reinnervated peroneus 
brevis (PB) muscle, both directly in response to the electrical stimulation of its 
nerve, and reflexly in response to small-amplitude vibratory stimulation. 
Some of the results reported here were briefly mentioned in a review lecture 
given by one of us at a recent symposium3. 
Materials and Methods 
The left common peroneal nerve of adult cats was used for the graft repairs, 
anaesthesia being induced with sodium pentobarbitone (Sagatal, 4 5 m g k g _ l , 
I.P.) and maintained with halothane (Fluothane) by inhalation. The nerve was 
either completely or partially sectioned about 4 mm proximal to its entry into 
the gastrocnemius lateralis muscle, and the grafts were stitched in place with 
10/0 nylon epineurial sutures. The animals were then maintained for not less 
than 20 weeks, the minimum period required to allow for optimum afferent 
recovery2 and changes in the properties of motor units, which continue to occur 
during this t ime 1 1 . A t the end of each experiment (average recovery period 26 
weeks), PB and, usually, peroneus tertius (PT) were removed post mortem and 
processed for silver staining using the technique of Barker and I p 1 4 with the 
modifications recommended by Barker et al.5. The spiral index and la index 
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were then determined for each muscle by teasing spindles and tendon organs 
from it and examining them for reinnervation by annulospiral afferents. 
Twenty-nine animals were used to perform 3 series of experiments in 8 
groups, as follows. 
Series I 
In these experiments the CG matrix was used to repair a 2 mm defect in the 
common peroneal nerve in two cats, and the results compared with a 2 mm 
autograft achieved by double neurotomy in 5 cats, this being taken to represent 
the optimum possible repair. These autografts were among 9 carried out by 
Banks et al.1. They were able to make only preliminary observations on the 
subsequent afferent reinnervation, since the experimental work necessary for 
the identification of the regenerated afferents had then still to be done. In the 
present analysis we have included those autografts from 5 cats in which there 
was a minimum recovery period of 20 weeks. The CG matrix repairs were 
effected using a modified version of the technique devised by de Medinaceli 
et al.9. About 5 mm of the common peroneal nerve was frozen and a 2 mm 
segment cut out using a cold vibrating blade. After thawing, the proximal and 
distal stumps were sutured to a rubber sheet with epineurial stitches about 
1 mm from their cut surfaces thereby eliminating all mechanical tension 
between them. The CG matrix was cut into sufficient 2mm lengths to replace 
the missing nerve segment to its full diameter, and the rubber sheet was then 
folded over the graft material and sutured on to the lateral surface of the nerve. 
The free edges of the tube thus formed were also sutured. Three weeks later 
the rubber sheet was removed. 
Series II 
The disadvantage of using the whole common peroneal nerve for such 
experiments is its musculocutaneous composition, which results in the 
reinnervation of muscle by both muscle and skin afferents thereby increasing 
the complexity of the subsequent histological analysis. In the second series of 
experiments we therefore used only two fascicles of the nerve, namely those 
that innervate the PB and PT muscles. In 2 cats the CG matrix was used to 
repair a 2 mm defect in these fascicles, and the results compared with those 
from 4 cats in which the defect was repaired with a 2 mm autograft consisting of 
a portion of the left sural nerve. Both matrix and sural grafts were held in place 
at each end with one or two epineurial sutures. 
Series III 
In this series of experiments the same peroneal fascicles were used, but the 
length of the grafts was increased to 10-15 mm. The aim was to compare the 
results of using non-neural grafts composed of CG matrix or freeze-thawed 
tenuissimus muscle with those using autografts of the PB and PT nerves or the 
sural nerve, 4 cats being allocated for each type of graft. Unfortunately poor 
silver staining prevented analysis of the muscles in 5 experiments (2 muscle 
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autografts, 1CG matrix graft, 1 PB/PT nerve autograft and 1 sural nerve 
autograft). Also in 2CG matrix experiments the muscles atrophied, presumably 
because the grafts did not take. We attribute this to our not enclosing the 
matrix and the two nerve stumps within a silicone tube, as is recommended by 
Yannas 1 9. It was not practicable to do this in these experiments. 
At the end of some experiments an intercollicular decerebration was carried 
out under halothane anaesthesia, which was then discontinued. About 3h after 
the decerebration, the PB tendon was freed from its insertion in both operated 
and control limbs and attached to an electromagnetic puller (Ling Dynamics). 
Small-amplitude sinusoidal stretches were then applied to the tendon at 200 Hz; 
any development of reflex tension was measured by a tension transducer 
(Harvard) in series with the puller. Such stimulation selectively excites the 
primary endings of la afferents in normal spindles1 3, and presumably likewise 
activates regenerated la primaries. Finally the animal was re-anaesthetized in 
order to measure the maximum tetanic tensions of the PB muscles in both 
limbs in response to direct stimulation of the common peroneal nerve. 
Results 
Histology 
The histological results are summarized in Table 1; the results for each 
experimental group have been pooled, and the percentages given for the spiral 
and la indexes for each group represent the averages for the number of animals 
used. In a statistical analysis of the results the data used consisted of the 
individual values for each animal. One-way analysis of variance revealed no 
significant differences in the extent of the annulospiral afferent innervation 
achieved among the eight neural and non-neural experimental groups, but did 
show that there were significant differences between the results of the three 
series of experiments in some cases, as shown in Table 2. 
We draw two main conclusions from these results. First, that the increase in 
graft length significantly reduced the extent of the annulospiral afferent 
reinnervation. Thus increasing it from 2 mm in the Series I I experiments (short 
graft repairs of two muscle-nerve fascicles belonging to the common peroneal 
nerve) to 10-15 mm in the Series IN experiments (long graft repairs of the two 
muscle-nerve fascicles) reduced the average spiral index for spindles by 4 1 % . 
Second, that a significantly smaller proportion of spindles were reinnervated by 
annulospiral afferents after short graft repairs of the whole common peroneal 
nerve (Series I experiments) than after similar repairs had been made using 
only two of its muscle-nerve fascicles (Series I I experiments). The reverse 
appeared to be true with respect to the annulospiral afferent reinnervation of 
tendon organs, though in this case the difference was not statistically 
significant (see Table 2). 
Physiology 
Only two of the Series I I I decerebrate preparations gave complete and 
decisive results owing to various technical problems and variability in the level 
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of reflex activity. Both experiments were PB/PT nerve autograft repairs 
produced by double neurotomy. The spiral indexes of the two reinnervated PB 
muscles were, respectively, 52.5% and 26.0%, and their la indexes 7.9% and 
zero. Direct stimulation of the common peroneal nerve produced maximum 
tetanic tensions in these muscles that were, respectively, 33% and 53% of those 
produced by the two control muscles, but when reflexly excited they produced 
no detectable tension. Reflex excitation of the control muscles produced 
maximum tetanic tensions that were less than half their directly evoked 
tensions (respectively, 27% and 40%). 
Discussion 
The results show that for grafts 2-15 mm long the significant factor affecting 
the outcome of the reinnervatiori of stretch receptors by annulospiral afferents 
was not the type of graft used, but its length. Thus the average spiral index for 
spindles and tendon organs after 2 mm grafts repairs in the Series I I 
experiments was 72% greater than after repairs using 10-15 mm grafts in the 
Series I I I experiments (Table 2, column C). It is known from clinical 
experience1 5 that longer grafts give poorer recoveries of motor function and 
cutaneous sensibility in patients, and in the light of our findings it seems likely 
that this also applies to proprioceptive recovery. It is not clear why an increase 
in graft length should have this effect. The fact that neural and non-neural 
grafts gave similar results in our experiments suggests that the factor or factors 
responsible do not operate within the grafts themselves. It may be that because 
regenerating axons take more time to grow through long grafts than short ones, 
the delay in their arrival at the second suture line and distal stump leads to a 
deterioration in the conditions awaiting their reception, which adversely affects 
the subsequent reinnervation. 
The experiments showed that more spindles were reinnervated by 
annulospiral afferents after short graft repairs of two muscle-nerve fascicles of 
the common peroneal nerve (Series I I experiments) than after short graft 
repairs of the whole nerve itself (Series I experiments). We attribute this to the 
absence of competition from cutaneous afferents. Banks and Barker 2 obtained 
a similar result after comparable single neurotomy experiments (see Table 1). 
The fact that, under the same circumstances, the reverse appears to be true of 
the annulospiral afferent reinnervation of tendon organs may be due to the 
participation of annulospiral cutaneous afferents, i.e. Ruffini-ending afferents. 
In an experiment performed in connection with other work 2 , we cross-united 
the cutaneous superficial peroneal nerve with the PB fascicles of the common 
peroneal nerve in order to examine the responses and innervation of spindles 
reinnervated by cutaneous afferents. We recently examined the tendon organs 
from this experiment and found that 25% (n = 12) had been reinnervated by 
afferents with annulospiral terminals, presumably Ruffini-ending afferents. 
These formed endings in tendon organs that were indistinguishable from 
normal lb endings. Such afferents appear to be unable to reinnervate spindles. 
We have shown that there was no return of the stretch reflex in PB in 
two 10-15 mm PB/PT nerve autograft repairs. Small-amplitude vibratory 
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stimulation applied to their tendons failed to produce any detectable reflex 
contraction, though such stimulation is known to produce a monosynaptic 
stretch reflex in normal muscle by selectively exciting la afferents 1 3, and did so 
in the controls. Motor reinnervation had occurred since direct stimulation of 
the CPN evoked contraction of the muscle. These observations were made on 
decerebrated unanaesthetized animals. They agree with the recent finding by 
Carrick et a/.8 that there was no reflexly generated electrical t ( E M G ) or 
mechanical response to sinusoidal stretching of the triceps surae tendon in the 
anaesthetized rat after a 10 mm muscle autograft repair of the sciatic nerve. 
This failure of myotatic recovery is due to the poor quality of the afferent 
reinnervation. Banks and Barker 2 showed that after section and microsuture of 
the PB and PT nerves many stretch afferents failed to return to spindles and 
tendon organs, whilst others made random and functional connections that 
were either specific (the la index for PB was 27%) or non-specific (20% of 
spindles were reinnervated by tendon-organ afferents, and 38% by free-ending 
afferents). When two suture lines are involved, as in graft repairs, the quality 
of the afferent reinnervation is further reduced. In the present experiments the 
average la index ranged from 3 to 15% (see Table 1). Given this low level of 
specific la reconnection, and the fact that many afferents make functional 
connections with the wrong receptors, it is hardly surprising that myotalic 
recovery fails. 
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Chapter 11 
The Muscle Spindle 
D A V I D B A R K E R 
R O B E R T VV. B A N K S 
Intrafusal Muscle F ibers 
Capsule and Vascular Supply 
Types of Spindle Unit 
Number and Distribution 
Sensory Innervation 
Motor Innervation 
The Spindle as a Receptor 
Reinnervation and Recovery 
Autonomic Innervation 
Effects of Sympathetic Stimulation 
Wuscle spindles are mechanoreceptors sensitive to muscle 
ngth.and changes in muscle length. They are composed 
jf small (intrafusal) muscle fibers that lie as bundles in par-
illel with ordinary [exlrafiisal) muscle fibers, their ends 
Utached to connective tissue, tendon, or extrafusai endo-
Tivsium. They receive both a motor and a sensory innerva-
ion. The sensor)' innervation, which responds to active 
>nd passive changes in muscle length, is protected by a 
usiform, fluid-filled capsule and occupies the equatorial re-
lion of the intrafusal bundle, whereas the motor innerva-
ion is distributed to the polar regions that extend on each 
side. Activation of the motor innervation elicits contrac-
lions in the polar regions that modify the sensory dis-
charge. 
Muscle spindles occur in the somatic muscles of verte-
brates: They were first noticed and described in frog muscle 
by Weismann1 in 1861. It is generally supposed that the 
ijeceptor first appeared in early tetrapods in anrigravity 
muscles associated with posture and locomotion, but 
.Vlaeda et a l . 2 have recently suggested an earlier appearance 
in the jaw-closing muscle of fish and claim to have found 
monofibral spindles in this muscle in salmon. The report 
has not been confirmed; meanwhile, Saed J has made a 
thorough search for the receptor in the jaw-closing muscle 
of trout without success. No one has yet searched lungfish 
muscle, which might prove more rewarding. 
1 The nonmammalian spindle is supplied with one sensory 
ending and receives its motor innervation from branches of 
• axons that also innervate extrafusal muscle fibers. Mamma-
lian spindles are supplied with a primary sensory ending 
(the homologue of the sensory ending in nonmammalian 
spindles) and may, in addition, be supplied with one or 
more secondary sensory endings. Two kinds of motor sys-
tem are involved in their motor innervation: a fusimotor (?) 
system, which is exclusively intrafusal, and a skel-
eiofusimotor (/3) system, in which intrafusal and extra-
fusal muscle fibers share a common innervation, as in 
nonmammalian spindles. Each system contains two func-
tionally different types of motor axon whose stimulation 
produces different effects on the dynamic response of the 
primary ending. (The dynamic response may be defined as 
the alteration in the rate of impulses discharged by the end-
ing that is related to the rate of change of muscle length. It 
contrasts with the sfnfi'c response, which is the alteration in 
discharge that arises as a result of the muscle's changing 
from one steady state length to another.) Stimulation of 
dynamic y motor axons increases the dynamic sensitivity of 
the primary ending, whereas stimulation of static y axons 
decreases it4; there is the same functional difference be-
tween dynamic and static-/3"axons.3-7 The static response is 
increased by stimulating either static or dynamic axons, y 
or p. 
This chapter is about mammalian spindles. It is mostly 
about those of the cat, because far more is known about 
them than any others. Such information as there is about 
human spindles indicates that they do not differ in any rad-
ical respect from those in the cat. 
A typical spindle in a cat's hindlimb muscle (see Fig. 11-1) 
consists of a 7- to IO-mm-long bundle of six to nine muscle 
fibers that is richly vascularized, partly encapsulated (gen-
erally the middle third), and innervated by a spindle nerve 
that leaves a nearby intramuscular nerve trunk to enter the 
equatorial region. Two kinds of muscle fiber can be recog-
nized on the basis of differences in length, diameter, and 
equatorial nucleation. The longest and thickest are called 
nuclear-bag fibers because, for a short length in the equatorial 
region, they contain few myofibrils and are full of round 
vesicular nuclei, thus forming what Barker described as a 
nuclear bag.3 Each bag tapers off on either side into a single 
row of elongated nuclei within a central core of sarcoplasm 
to form a myotube region* The shortest and thinnest fibers 
contain a single central row of nuclei in the equatorial re-
gion and are called nuclear-chain fibers* (see Fig. 11-1D). 
There'are usually two bag fibers and four to seven chain 
fibers. 
The site of the nuclear bags, myotube regions, and chains 
is innervated by a group la axon that terminates as an an-
nulospiral primary ending. This is usually accompanied by 
one secondary ending supplied by a group II axon that dis-
tributes less regular rings and spirals predominantly to the 
chain fibers. The motor innervation consists of a diffuse 
multiterminai trail ending'0 and two types of plate, desig-
nated pi and P 2 . " 1 2 The pi plates are supplied by axons, 
the pi plates and trail endings by y axons: a trail ending is 
now regarded as consisting of several trail plates. 1 3 Apart 
from this somatic innervation, some spindles also receive 
autonomic axons that are in neuroeffective association 
mainly with the intrafusal muscle fibers. 1 4 
The manner in which the motor innervation is distrib-
uted to the bag and chain muscle fibers has been the subject 
of considerable controversy, mainly because it took some 
time for it to be established that there were not two types of 
muscle fiber (bag and chain) but three (bag!, bag 2, and 
chain). It is now accepted that dynamic actions are carried 
out by the bagi fiber (the dynamic bag fiber) and static ac-
tion by the bag 2 (static bag fiber) and chain fibers. The origi-
nal work involved in this switch from a dual- to a triple-
spindle model is referred to in the following sections; these 
discussions summarize details of the structure, innerva-
tion, and development of the cat spindle and give some 
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FIGURE 11-1. Schema illustrating the structure and innervation of 
cat tenuissimus muscle spindles. A. The encapsulated bundle of 
intrafusal muscle fibers that constitutes a spindle. B. The equato-
rial region and part of one pole illustrating regions A, B, C and 
innervation by la and II sensory and /? and y motor axons, 
ex.m.f. = extrafusal muscle fibers; F C / F O G = fast glycolytic or fast 
oxidative-glycolytic muscle fiber; SO - slow oxidative muscle 
fiber. C . Sensory innervation comprising a primary ending and an 
S| secondary ending. The distribution of the total terminal contact 
area of a primary ending is about 35 percent bag,. 25 percent bagj. 
1 0| plate 
I , P j plaie 
1 , 
- autonomic 
40 percent chain; of an S, secondary 10 percent bag,, 20 percent 
bag : , 70 percent chain. D. Nuclear-bag and nuclear-chain intra-
fusal muscle fibers showing nucleation in primary and S, second-
ary regions. E.F. Motor innervation of a typical pole (£ ) . The most 
common variation (F) is for static and dynamic P axons to partici-
pate in the motor innervation (though seldom of the same spindle). 
Some spindles receive a nonvascular autonomic innervation. A-D 
depict features drawn to the scale of average dimensions; C , O are 
based on reconstructions;'14 E. F are schematic diagrams. 
i 
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account of how it functions and how it is reinnervated and 
recovers after nerve injury and ischemia. Recent reviews of 
work on mammalian spindles include those of Kennedy et 
a l . . 1 5 Matthews, 1 6 Boyd and Smith, 1 7'Hulliger, 1 3 Barker and 
Banks, 1 9 and Hunt 2 0; for reviews that deal with both mam-
malian and nonmammalian spindles, see those of Barker-1 
and Hunt." The proceedings of international symposia 
held in Glasgow (1984),3 2 Prague (1987), 2 4 and Paris (1991 ) 2 5 
provide useful sources for recent research papers. 
Intrafusal Muscle Fibers 
The dual model of the mammalian spindle could not satis-
factorily account for histochemical observations made in 
the sixties that distinguished three types of intrafusal mus-
cle fiber. When the histochemical evidence was correlated 
with observations made on ultrastructure and teased silver 
preparations, it became clear that there were two kinds of 
bag fiber (see review by Barker 2 1). These were designated 
as nuclear bag and intermediate by Barker and Stacey 2 8 and as 
/wv;, and bag: bv Ovalle and Smith. 2 7 The correlation of the 
histochemistry with the electron microscopy was some-
what conjectural, as the observations reported by various 
workers had been made on separate preparations of differ-
ent spindles; for a time, there was some confusion about 
how the two kinds of bag fiber should be categorized. 
The matter was resolved when Banks et a l . 2 s devised a 
technique that allowed adjacent sections of the same spin-
dle to be prepared for either histochemical or ultrastructural 
study. Descriptions by Banks et a l . 2 9 of the ultrastructural 
and histochemical characteristics of the two types of bag 
fiber then followed, and Ovalle and Smith's 2' terms Iwgi 
and bag, were adopted to designate them. 3 0 Besides their 
'different ultrastructure and histochemistry, it transpired 
ithat the two types could also be histologically distinguished 
by the abundance (bag2) or scarcity (bagi) of elastic fibers 
associated with them in the extracapsular polar regions3 1 
and by the fact that the bagi fiber often lay apart from the 
bagi and chain fibers during its course through the equato-
rial region. 3 0 
| Barker et a l . 3 0 found it convenient to distinguish three 
regions, A, B, and C , between the equator and the origin or 
insertion of a spindle pole, a practice that has since been 
generally adopted. The regions are defined as follows: A, 
that part of the equatorial region lying between the equator 
and the equatorial end of the periaxial space (i.e., the space 
between the intrafusal, or axial, bundle and the capsule 
wall); B, that part of the pole extending from, the equatorial 
end of the periaxial space to the end of the capsule (often 
referred to as the capsule sleeve); and C , the extracapsular 
part of the pole (see Fig. 11-1B). 
In some spindles, one of the chain fibers extends for a 
considerable distance beyond the capsule and has been 
called a long chain fiber. 3 0 K u c e r a 3 2 , 3 3 distinguishes two fur-
ther subtypes, namely, typical chain fibers, which mostly 
attach within the capsule, and intermediate chains, which 
extend beyond it but not so far as long chain fibers. These 
subtypes are of functional significance, since there is evi-
dence of selective innervation of long and intermediate 
chains by static (3 axons and of typical chains by static y 
axons (see "Motor Innervation," below). 
Spindles in different muscles are characterized by differ-
ences in fiber-type complement. In tenuissimus spindles 
the number of bag fibers is rarely more than two and long 
chain fibers are scarce, 3 2 whereas in superficial lumbrical 
muscles spindles with more than two bag fibers (usually 
three, sometimes four or five) are common 3 4 and there is a 
high incidence of long chain fibers.3-1 Occasionally "mixed" 
bag fibers occur, i.e., bag fibers whose histochemical char-
acteristics are not the same at both poles. Such hybrid fibers 
are either bagi/bag 2 or-bag/chain; they are found in 3.5 per-
cent of tenuissimus spindles -* and 12.6 percent of superfi-
cial lumbrical spindles. 3 4 
Length, Diameter, and Nucleation 
In most spindles, the bag fibers are the longest, the bag ;, 
generally being longer than the bag|. Kucera 3 3 reports 
mean polar lengths of 2947 /im for bag ; fibers, 2760 jum for 
bagi, and 1231 jum for typical chains (tenuissimus, frozen 
sections). In 77 percent of 313 spindle poles, the bagi was 
the longest fiber; in 14 percent, the bagi; in 3 percent, the 
bag fibers were of equal length; and in 6 percent, the long-
est fiber was a long chain. The long chain fibers (i.e., those 
extending 1.0 mm or more beyond the capsule 3 0), when 
considered as a group, proved to be the longest fibers in 
Kucera's study, 3 3 their mean polar length being 2990 fim. 
This compares with a length of 192S /im for intermediate 
chain fibers (i.e., those extending for less than 1.0 mm be-
yond the capsule). Long and intermediate chain fibers usu-
ally lie close to the bagi fiber for much of their course. 3 7 
Long chain fibers arc usually only long in one pole, and 
there may be more than one long-chain pole per spindle. 
Mean juxtaequatorial (inner region B) diameters for bag 
and chain fibers given by Boyd 3* are 16.86 ± 2.35 / i m for 
bag fibers and 8.37 n 1.85 jum for chains (tenuissimus, Susa 
fixation, paraffin sections). No systematic study of intra-
fusal muscle fiber diameters has been made since it was 
established that there are two types of bag fiber and three 
subtypes of chain. All types of fiber become thinner as they 
pass through the equatorial region, and those that extend 
well into region C tend to become thickest in this region. 
The presence of a secondary ending adjacent to the primary 
results in the bag fibers undergoing a marked increase in 
diameter at the sites where thev receive secondary termi-
nals.3" 
The nuclei of intrafusal muscle fibers are located either 
peripherally underneath the sarcolemma (subsarcolemmal 
nuclei), as in the polar regions, or internally among the 
myofibrils (myonuclei), as in the equatorial region. In light 
microscopy preparations, it is sometimes difficult to distin-
guish between subsarcolemmal nuclei and those of satellite 
cells and endomysial fibrocytcs. Satellite cells occur mostly 
in association with bag 2 fibers in region C; they are less 
frequently associated with the bagi n D e r and rarely occur 
on chain fibers. 4 0 
The most detailed information about equatorial nuclea-
tion is that obtained by Banks et a l . 3 4 from reconstructions 
of four tenuissimus spindles (see Fig. 11-2). They found 
that nuclear bags contained 52 to 106 myonuclei, those of 
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J) 
I : K;UKU 11-2. Schematic representation of parts of a primary end-
ing reconstructed from a cat tenuissimus spindle. The terminals 
shown are those supplied to the bngi (b,) and bag : (b ; ) fibers and 
the longest and shortest chain (c) fibers (numbered I and 4). Each 
liber is repeated alongside to show its mvonucleation and thus 
demonstrate the relation between nucleation and innervation. Ad-
justments have been made to the original alignment of each muscle 
fiber relative to the others, mainly in order to position the center of 
each nuclear bag on a common midline and thus facilitate compari-
son between bi and b2 terminal systems. Terminals shown in out-
line at bottom end of c4 belong to adjacent S| secondary ending. 
Asterisks alongside c terminals indicate positions of sensory|cross-
terminals with other c fibers. (Banks RWet ai, Philos Trans R Soc Loml 
299:329, 19S2. Reprotiucai by permission.) ' 
bag| and bag^ fibers averaging 68 and 80, respectively. In 
the myotube regions, there were 6 to 12 myonuclei, average 
9; in the nuclear chains, there were 11 to 38, average 24. 
There was a tendency for the longest chain fibers to be the 
most densely nucleated and for their myonuclei to aggre-
gate equatorially to form miniature nuclear bags (see also 
Kucera^17). Myonuclei occupied 70 to 90 percent of the 
cross-sectional area of each nuclear bag, 30 to 50 percent of 
each myotube region, and 40 to 60 percent of the longest 
chain fibers in the primary region. By contrast, myonuclei 
in the region of secondary terminals on bag fibers occupied 
only 10 percent of the cross-sectional area. 
Ultrastructure 
Observations on the ultrastructure of intrafusal muscle f i -
bers made before the present classification of fiber types 
was established are reviewed by Barker. 2 1 It is now appar-
ent that the fibers display two types of myofibri l lar ultra-
structure, which for convenience have been designated M 
or d M according to the appearance of the M l i n e . 2 8 3 0 In the 
M condition, the M line crosses the middle of each sarco-
mere as a single prominent line (low power) composed of 
five parallel faint lines (high power), whereas in the d M 
condition the M line either cannot be seen or appears as 
two parallel faint lines, according to the orientation of the 
myof ibr i l s . 1 6 
In the M condition, the myofibrils are packed as discrete 
units in sarcoplasm that is rich in glycogen and contains 
many thick, long mitochondria and membranous systems 
(transverse tubules and sarcoplasmic reticulum) that are 
well developed at the level of the I and Z bands. Transverse 
sections at this level show the myofibrils almost completely 
encircled by membranous elements. By contrast, in the d M 
condition, there is very little interfibrillar sarcoplasm^ little 
glycogen, and poorly developed membranous systems; the 
mitochondria are th in , short, and scarce. Transverse sec-
tions show the myofibri ls to be poorly defined and tightly 
packed together so as to form a more or less continuous 
bundle, w i th the membranous systems only occasionally 
encountered at the level of the I and Z bands. Chain fibers 
have the M type of ultrastructure, whereas, remarkably, 
the bag fibers are a mixture of both M and d M . Observar 
tions by us suggest that the transition f rom M to d M is f rom 
a five- to a four-line substructure, the middle line being 
lost. In the bag, fiber, the ultrastructure is d M in region A 
A 
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Bag, 
Bag 2 
Chain 
.and most of region B, then changes to the M condition to-
i'ward the outer end of region B. The sarcomere length is 
'consistently longer than in the bag 2 or chain fibers.- 9 In the 
;bag2 fiber, the condition is d M in region A and changes to 
i M at level A / B , 3 9 - 3 0 though the membranous systems be-
come progressively less developed toward the polar end in 
region C. 4 1 
In the equatorial region, the spaces in between the myo-
.nuclei in the myotube regions and nuclear chains are fu l l of 
.sarcoplasm that contains many small mitochondria, ribo-
somes, Golgi complexes, and occasional l ipoid droplets. 
,Corvaja et a l . 4 2 describe how two or three chain fibers (pre-
sumably typical chains) may share the same endomysial 
envelope in the equatorial and juxtaequatorial regions. 
Here and there these fibers become enclosed wi th in a com-
mon basal lamina and zoiutlne adltaereiUes (regions of int i -
mate contact between the cells) form between their closely 
apposed surfaces. Microladders occasionally occur in both 
bag and chain fibers, usually situated near the surface in 
the sarcoplasm underneath axon terminals. 
According to the descriptions of Cooper and Gladden 4 3 
and Gladden, 3 1 elastic fibers are most numerous around the 
bag; fiber and anchor the spindle at each end to the elastic-
fiber network among extrafusal muscle fibers. In passing 
through the spindle, they travel alongside muscle fibers, 
wi th in intercellular spaces in the axial sheath, or between 
layers of the capsule. Observations by Banks 4 4 have re-
vealed that the bag fibers have peglike projections on their 
surface over a length of 300 to 400 / i m on either side of the 
primary region. Each projection slants toward the equator 
i n d appears to serve as an anchoring point for an elastic 
fiber originating from the opposite pole. Such attachments 
must greatly enhance the elastic properties of the primary 
region. 
Histochemistry 
The histochemical profiles of intrafusal muscle fibers are 
iimilar to those of extrafusal ones in that they vary accord-
ng to fiber type, but they are dissimilar in that they are 
subject to regional variation. The three fiber types—bag|, 
j ag j , and chain—differ in their glycogen content and in 
heir profiles of the enzymes myofibrillar adenosine tr i-
phosphatase (mATPase), phosphorylase, and nicotinamide 
idenine dinucleotide tetrazolium reductase ( N A D H -
[•Rj 27.29.45.-16 
The technique most favored for demonstrating fiber type 
s'that which stains mATPase, as it enables the types to be 
checked against the different staining reactions that fol low 
alkaline or acid preincubation of the sections. The profiles 
of the bag fibers show regional variation, but not those of 
the chains, and the op t imum level for distinguishing be-
tween fiber types is midregion B (see Fig. 11-3). In trans- Development 
verse sections cut at this level, the staining intensities for 
alkali-stable mATPase are low for bagi, medium or high for 
bag 2 , and high for chains, whereas the staining for acid-
stable ATPase is low for bagi, high for bag 2 , and low for 
chains. The three subtypes of chain fiber can be distin-
guished histochemically by staining for NADH-TR activity, 
which either increases (intermediate and typical chains) or 
decreases ( long chain) f rom equator to pole . 4 6 
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F I C U R E 11-3. Schematic summary (top) of the general patterns of 
mATPase reactivity (black is high) following acid and alkaline pre-
incubation in rat intrafusal fibers; and (bottom) reactivity of the 
three intrafusal fiber types with the antibodies against slow-tonic 
M H C , slow-twitch M H C , neonatal M H C and fast-twitch M H C . 
(Modified from Pedrvsn it nl.5" Rcproiiuml by permission.) 
The use of immunohistological techniques has shown 
that the differences in mATPase activity between the three 
types of intrafusal muscle fiber reflect differences in their 
possession of different forms of myosin heavy chains 
(MHC) . In general, antibodies specific for slow-fiber M H C 
stain bag fibers and those specific for fast-fiber M H C stain 
chain fibers. The bag fibers have been shown to contain 
slow-tonic M H C (mostly in bagi) and slow-twitch M H C 
(mostly in bag 2), whereas the chain fibers are characterized 
by fast-twitch and neonatal M H C (see Fig. 11-3) . 4 7 - 5 0 Slow-
tonic M H C , such as is found in the slow-tonic muscles of 
frogs and birds, docs not occur extrafusally in mammalian 
skeletal muscles, though it is present in the slow-tonic por-
tions of the oculorotatory muscles. 3 1 The bag fibers are also 
unique in mammalian skeletal muscle in that they react 
positively to anti-alpha cardiac M H C (mostly b a g 2 ) 3 2 and 
anti-embryonic M H C (mostly bag i ) . 3 3 In rat spindles, reac-
tivity to antibodies against M-band proteins and the M M 
form of creatine kinase 5 0 is, as might be expected, negative 
for bag) fibers, whose myofibrillar ultrastructure is d M 
throughout; 3 0 mixed for bag 2 fibers, which switch f rom the 
d M to the M condition; and positive for the chain fibers, 
which are M throughout. Most of the immunohistological 
work has been done on rat spindles. When other species 
have been used, some species-specific differences have 
emerged—e.g., embryonic M H C is present in cat chain f i -
bers but absent f rom rat and rabbit chain f ibers . 5 3 
Electron microscopic (EM) investigations of spindle devel-
opment in r a t , 5 4 " 5 6 mouse, 5 7 and cat 5 8 have revealed close 
parallels between intrafusal and extrafusal myogenesis. 
Both involve the sequential production of myotubes fol low-
ing a stage before innervation when myoblasts fuse to form 
primary myotubes in the muscle pr imordium. 
The generation of secondary extrafusal myotubes is de-
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F I I ' . L K F 1 1 - 4 . Schematic diagrams of transverse sections of devel-
oping extrafusal and intrafusal muscle fibers in cat peroneal mus-
cles. In the extrafusal fascicle, note how the first-series secondary 
mvotube (stippled) separates from the primary myotube (black) 
and acquires its own basal lamina (stippled halo) before the assem-
bly of subsequent series of secondary myotubes (white). The thin 
pendent on innervation and the electrical or contractile ac-
tivity of the muscle. ' 9 The secondary myotubes assemble 
and develop in close apposition to primary myotubes so as 
to form multicellular muscle clusters from which they sub-
sequently separate, each wi th in its own basal lamina, to 
form independent muscle f ibers . 6 0 " 6 3 According to M i l -
burn, * s in cat peroneal muscles the sequential process of 
assembly, maturation, and separation occurs so as to pro-
duce successive series of secondary myotubes beginning 
wi th the separation of the first series at the 38 to 41 days 
fetal (d f ) stage. Meanwhile, subsequent series have begun 
to assemble in association w i t h primary myotubes, and 
eventually these also separate, so that by birth (60 to 63 d f ) 
primary and secondary muscle fibers are distinguishable 
only where their separation f rom fetal muscle clusters is 
incomplete. Mi lburn regards the pattern of spindle devel-
opment as fundamentally similar to that of extrafusal fasci-
cles and correlates the two processes as shown in Fig. 11-4. 
Her account of the development of cat spindles in peroneal 
muscles may be summarized as follows. 
By the 34 to 38 d f stage, motor and sensory axons have 
grown into the peroneal muscle pr imordium; primary myo-
tubes have begun to receive the terminals of a motor axons; 
and secondary extrafusal myotubes have begun to assem-
ble. Those primary myorubes that receive terminals f rom la 
afferents wi l l ultimately become intrafusal bag; muscle f i -
d l 
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fusiform cells (hatched) are myoblasts. The diagrams of intrafusal 
muscle fibers illustrate the process of myogenesis as seen J t the 
spindle equator, a = alpha motoneuron; b, = bag! fiber; b ; = bag : 
fiber; Ic = long chain fiber; c = intermediate chain fiber (the re st are 
typical chains); df = days fetal; la = la afferent. (Mmtificti from Mil-
bers. The effects of this initial contact are to produce an 
accumulation of myonuclei beneath the sensory terminals 
and to stimulate the formation of a thin capsule that isc lates 
the sensory region from neighboring extrafusal myotubes. 
Simple motor terminals are also present at this early stage, 
indicating that both la and a motor axons arrive at the site 
of spindle formation together. 
The la axon initiates a sequential generation of secondary 
intrafusal myotubes, which develop in association w i t h the 
primary myotube wi th in a common basal lamina. Their 
assembly begins beneath the la terminals, which are in con-
tact w i th the outer surface of the developing intrafusal bun-
dle, and spreads toward the poles. As development pro-
ceeds, the successive myotubes are shorter and thinner and 
contain fewer equatorial myonuclei, so that those formed 
last become the shortest and thinnest typical chain fibers in 
the mature spindle. At the 41 to 43 df stage, the presump-
tive bag, myotube (often accompanied by the long chain 
myotube when present) separates f rom the primary bagi 
myotube and acquires individual la terminals. At the same 
time most of the nuclear-chain myotubes assemble exclu-
sively in association wi th the primary bagi myotube, f rom 
which they subsequently separate, of ten as a group. Sen-
sory cross terminals between bag 2 and chain myotubes are 
thereby lost but are retained between chain fibers in the 
mature sp ind le . w 
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Separation of the developing myotubes begins in the 
poles and spreads toward the equator, where the influence 
of the la afferent renders it incomplete. During separation, 
the la innervation is remodeled and the mature form of the 
primary ending is established. As the intrafusal bundle 
develops, the capsule increases in girth and length and the 
motor innervation increases in complexity. By birth, both 
plate and trail terminals are present. The periaxial space 
develops dur ing the first two postnatal weeks. The intra-
fusal muscle fibers thus develop in the order bag:, t \ i g i , 
long chain, intermediate chain, typical chains; their equato-
rial position in the mature spindle- 5 0- 3 7 reflects the pattern of 
their assembly and separation. 
A n EM studv of the development of spindles in the rat 
(21 to 23 days gestation) by Kucern et al.-"" has revealed that 
there is a transient fetal stage of multiple afferent innerva-
tion. The first afferent muscle contacts occur at 17 df. when 
en passant neuromuscular junctions are formed between 
primarv myotubes and sensory axons located wi th in intra-
muscular nerves. On ISdf , these contacts are outnumbered 
by others in which primary myotubes receive clusters of 
afferent axon terminals. Initially, only one primary (la) af-
ferent occupies the contact area, but several follow before 
the capsule begins to form; for a time, there is a phase of 
multiple afferent innervation in which seondary (II) affer-
• ents; in some spindles, take part, arriving on 19 df. In the 
'soleus spindles studied by Kucera et al.,-" the supernumer-
ary .liferents have withdrawn by 20 df, but thev evidently 
persist in some muscles, since Banks et al."'' have described 
mature spindles in rat deep masseter in which a single pri-
mary region may be innervated by up to five la aflerents. 
Motor endings appear in developing soleus spindles at 20 
df on the bag : fiber, at 22 df on the bag) fiber, and 4 days 
after birth on the first chain f iber . 3 6 - 6 6 These may be re-
garded as y endings, since no /3 innervation occurs in rat 
s o l e u s . M o s t of these perinatal motor endings are mult i -
ply innervated. It is assumed that a stage of polyneuronal 
innervation is followed by the loss of some motor axons 
and connections, but the details of this, and of the develop-
ment of the p innervation, are at present unknown. At IS 
df, some of the nonencapsulated primarv myotubes that 
have sensory terminals also receive motor terminals f rom a 
axons.""" as occurs at a similar stage in the development of 
cat spindles. N i It is conceivable that in certain muscles some 
of these motor terminals might persist and represent the 
first stage in the development of a /3 innervation. In rat 
soleus, their presence is transitory, since no motor endings 
occur at 18 and 19 df on primary myotubes that are encap-
sulated. 5 6 
1 A n immunohistological study of developing rat spindles 
by Pedrosa and Thorne l l 6 8 has shown that, whereas all pri-
mary myotubes contain neonatal and slow-twitch M H C at 
17 df, there are some which also contain slow-tonic M H C 
(see Fig. 11-5). These are presumed to be the precursors of 
the bagi fiber, and their positive antitonic staining serves to 
indicate the sites of future spindles. The bagi fiber contains 
only neonatal M H C when it first appears at 19 df and does 
not stain positively for anti-slow-tonic or anti-slow-twitch 
r j lHC unt i l 2 days later. When the first chain fiber appears 
(2:1 df'), it contains only neonatal M H C , according to 
Pedrosa and Thornel l ; 6 8 however, Kucera and Walro , 6 9 
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F I C U K E 11-5. Simplified illustration of the development of r.it so-
leus spindles showing the acquisition of sensory (s) and y motor 
(m) innervation [lufal mi Kmvni i-f ul. '"I and M H C expression (hisiif 
vii Pcilwii ami ThoriicU""). Spindle capsule omitted; intrafusal mvo-
tubes/nivolibcrs abbreviated b|. bag,; b : , bag;; c, chain. (.WoJificti 
from Pcilrum cl nl.'"') 
using a different set of antibodies, f ind that it also expresses 
both slow-twitch and fast-twitch M H C . 
Pedrosa and Thorne l l o S have proposed that the three 
types of intrafusal fiber arise f rom three different cell l in-
eages commited to differentiate along specific paths, cells in 
the bagi lineage being capable of attracting la afferent ter-
minals. They argue that if, as originally suggested by 
Zelena,'" la alferents make random contacts wi th undiffer-
entiated myotubes and induce them to differentiate into 
intrafusal fibers, then the sequence of M H C expression 
should be the same in all three fiber types. But this does not 
fol low, since the circumstances under which the Fa afferent 
induces the differentiation of each fiber type, and the t im-
ing of each induction, are entirely different and might well 
lead to differences in the sequence of M H C expression. As 
Barker 7 1 points out, the crux of the matter is whether spin-
dles develop f rom cells that can only form intrafusal muscle 
fibers, or cells that, according to circumstance, can become 
either intra- or extrafusal muscle fibers. The evidence avail-
able favors the latter. If, for some reason, la induction is 
wi thd rawn or absent dur ing a critical period of intrafusal 
differentiation, a motoneurons can take over and induce 
the differentiation of extrafusal-type fibers. Spindles con-
sisting of encapsulated bundles of such fibers have been 
produced experimentally in rats as the result of interrupt-
ing muscle development by nerve section at a stage when 
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the spindles are still forming chain f ibers . 7 1 They.also occur 
among spindles that regenerate after prolonged ischemia, 
in this case being produced as the result of asynchronv be-
tween the processes of reinnervation and regenerative 
myogenesis 7 3 (see "Reinnervation and Recover)-," below). 
Capsule and Vascular Supply 
The capsule is a lamellated structure that encloses the sen-
sorv innervation wi th in a fusiform dilation and extends as a 
sleeve on each side to enclose part of each pole. The wid th 
of tenuissimus spindle capsules at the equator is 100 to 150 
urn where their walls are 10 to 15 / i m thick; their length 
usually falls wi th in 2.0 to 4.0 mm and varies according to 
the number of sensory endings present. 1 1 
The capsule lamellae are composed of layers of thin flat 
cells arranged in concentric tubular fashion alternating wi th 
layers filled wi th collagenous fibrils. Each capsular sheet a'//7 4 
is surrounded by a basal lamina and closely interdigitates 
with its neighbor to form a continuous layer one cell thick. 
The outermost capsule layer is composed of thick collage-
nous fibrils and scattered fibrocytes. The innermost layer is 
composed of a l ining of fibrocytes, some of which cross the 
periaxial space to join other cells of the same type that form 
the axial sheath and the endomysial enclosures of the intra-
fusal muscle fibers. 
The capsular sheet cells are continuous wi th the cells that 
form the perineurium of the spindle nerve and, according 
to L o w , - 0 may confidently be equated wi th them. He re-
gards the capsule as a modified extension of the perineu-
rium and connective tissue sheaths (epineurium, endoneu-
rium) that enclose the spindle nerve, and we agree wi th 
this interpretation. The endoneurial connective tissue space 
in the spindle nerve is thus continuous wi th the periaxial 
space wi th in the capsule, which is, in turn, continuous 
with the connective tissue space outside the spindle via the 
open end of each capsule sleeve. 
Tight junctions between capsular sheet cells" act as a 
barrier to the diffusion of substances into the periaxial 
space, in the same way that the perineurium acts as a d i f f u -
sion barrier in peripheral nerves. Such junctions are pre-
sumably located in the inner layers of the capsule, since 
horseradish peroxidase (HRP) flooded directly onto the liv-
ing spindle penetrates the outer layers but fails to enter the 
periaxial space. 7 8 Af ter systemic injection of HRP, Dow et 
al . 7 * showed that, whereas passive f low of the tracer into 
the periaxial space was prevented by the capsular cell tight 
junctions, there was some leakage into the poles through 
the open end of each capsule sleeve. The small amount of 
HRP actively transported across the capsular cells via cyto-
plasmic vesicles was phagocytosed by fibrocytes in the axial 
sheath. 
The periaxial space is fu l l of a highly viscous gel contain-
ing the glycosaminoglycan hyaluronate . 8 0 , 8 1 Following 
long-term deafferentation, the space disappears or is 
greatly d iminished. 8 2 The origin of the periaxial f lu id and 
its functions are uncertain. Fukami 8 1 has shown that a 
transcapsular potential of - 1 5 m V is due in part to a rela-
tively high [ K + ] in the f lu id , which may contribute to the 
excitability of the endings. 
Capillaries course for long distances between capsule lay-
ers; they are invariably present in the periaxial space of rab-
bit spindles" but only occasionally so in those of cat. In 
rabbit tenuissimus spindles, Miyoshi and Kennedy** have 
shown that there is a short, direct pathway from the main 
muscle artery to the spindle capillaries, which are separate 
f rom those supplying extrafusal muscle and different f rom 
them in being larger and having intercellular tight junc-
tions. The capillaries supplying intramuscular nerve Jare 
similar, and HRP injected intraaortically does not leak f rom 
either nerve or spindle capillaries, whereas it leaks rapidlv 
f rom those supplying extrafusal muscle . , s A blo'od/ 
nervous-system barrier, therefore, obtains in both endo-
neurial and periaxial spaces. . 
Types of Spindle Unit 
Spindles occur singly or may be variously combined in 
groups or intimately associated with tendon organs. The 
functional significance of the single encapsulated receptor 
wi th its sensory and motor innervation is sometimes 
stressed by using the term spindle unit. Spindle units may 
be linked in series as tandem spindles61 or combined together 
in pairs in which the intrafusal bundles either remain sepa-
rately encapsulated or equatorially share a common cap-
sule. Richmond and her colleagues 5 0" 6 3 have shown that in 
cat neck and intervertebral muscles, many spindle units are 
linked together in tandem and compound fashion to form 
spindle complexes, a type of organization so far previously 
observed only in the frog's extensor digi torum longus IV 
muscle. o 9 '* u In rat deep masseter, some spindles are 
crowded together to form spindle clusters of up to 40 spindle 
units, a few of which share a common capsule. 9 1 
The standard spindle unit is provided wi th one bagi 
fiber, one bag 2 fiber, and about half a dozen typical chain 
fibers. Variations of intrafusal complement occur wi th re-
spect to the bag fibers and subtypes of chain fiber. Some 
spindle units have three, rarely four, bag fibers. In a sample 
of spindles f rom various hindl imb muscles, we identified 
the extra bag fibers f rom details of their sensory innervation 
as usually being b a g i . 3 9 However, in a histochemical study 
of tenuissimus spindles, Kucera 9 3 found that extra bag( or 
bag 2 fibers were about equally common and that, more 
rarely, some were of mixed type. 
Absence of the bagi fiber occurs in certain tandem spin-
dle units. In the early sixties, Barker and I p 9 3 observed that 
the most common tandem spindle in h indl imb muscles 
consists of a large and a small capsule l inked together by a 
single bag fiber, the small capsule being supplied w i t h a 
markedly irregular primary ending. Later studies of the 
sensory innervation of hindlimb spindles, 3 9 - 9 4 and, the 
mATPase profiles of spindles in neck muscles, 8 7 established 
that the continuous bag fiber in such linkages is a bag 2 fiber 
and that it is the only bag fiber present in the small capsule. 
Here it is accompanied by a few typical chain fibersj and 
usually has a single row of myonuclei instead of a nuclear 
bag. These one-bag spindles,87 or b.c spindle units,39 typically 
insert into tendon. Their frequency among spindle units 
sampled by Banks et a l . 3 9 f rom various hindl imb muscles 
was 23.8 percent in extensor digi torum longus, 23 percent 
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in peroneus brevis, and 6 to 11 percent in the rest. In neck 
muscles, Bakker and Richmond 3 7 have found much higher 
frequencies of 45 percent in complexus and biventer cer-
,'vicis and 33 percent in splenius. 
Number and Distribution 
Different muscles possess characteristic numbers of spin-
dles, although there is considerable individual variability, 
i t least in an outbred popula t ion. 9 3 Quantitative compari-
sons have normally been made using spindle density, 
which is simplv the number of capsules per gram of the 
idul t muscle. On this basis it is often stated (e.g.. Cooper'' 6) 
ihat spindles are relatively common in small muscles in-
volved in fine control, such as the intrinsic muscles of the 
l and . 
Spindle density, however, is only useful as a relative 
measure of abundance in muscles of different size if, on 
iverage. the number of capsules tends to scale directly wi th 
nuscle mass. Banks and Stacey 9 7 used data f rom three spe-
:ies (rat, cat, and human) that range in body size over more 
Shan two orders of magnitude to show that this was not so. 
Logarithmic transformations of the number of capsules (y) 
jmd the muscle weight (x) yielded a linear regression of the 
f o r m i / = 1.5S - 0.32.V, where the muscle weight is mea-
sured in grams and i/ and x are common logarithms. The 
slope of the regression relationship (0.32) is geometrically 
significant, since it is virtually identical to that which would 
be expected lor a feature scaling isometrically wi th dimen-
sions of length. This seems appropriate for the spindle as a 
length transducer, though it may be fortuitous. 
J The relative abundance of spindles in a particular muscle, 
independent of its size, may be expressed as the amount by 
•vhich the actual number of capsules deviates f rom the 
lumber expected on the basis of the regression relation-
ship. In the sample available to us at present, this varies 
T o m 0.13 (or -0.SS log units) for the infrahyoideus to 5.4 
or T0.73 log units) for the intertransversarius C2-C3, both 
i f the cat. 
The value of this approach is illustrated by data for the 
ioleus muscle of all three species given in Table 11-1. In 
^articular, notice that in contrast to the deviations f rom the 
•egression, which are all rather similar, spindle densities 
decrease by an order of magnitude as muscle size increases. 
: urthermore, muscles sharing broadly similar functions 
vi thin and between species have similar distributions 
tbout the regression. Thus there are relatively few spindles 
n shoulder-girdle muscles and relatively many in dorsal 
neck muscles, whereas hindl imb muscles often have close 
o average, or typical, numbers. The intrinsic hand muscle, 
lumbrical I I I , often regarded as a typical example of a small 
jnuscle wi th high spindle density, actually has only about 
half as many capsules as would be expected for its size, in 
both cat and human. 
| Muscles operating synergistically about a joint often dif-
fer considerably in size. The combination of high spindle 
density wi th low force output in the small, as compared 
wi th the large, muscles of a synergistic group suggested to 
Peck et a l . 9 8 that the small muscles are functionally special-
ized as "kinesiological monitors." It is now clear, however. 
Table 11-1. ABSOLUTE AND RELATIVE NUMBERS OF SPINDLE 
CAPSULES IN SOLEUS MUSCLE OF RAT, CAT, 
AND HUMAN 
Weight. 
o o 
No. of 
Capsules 
Spindle 
Density 
Expected No. 
of Capsules 
Linear 
Deviation 
Rat 0.11 34 309 1S.S l.S 
Cat 2.49 56 22.5 50.9 1.1 
Human 434 40S 0.94 265.5 1.5 
SOURCE: Data iruni Banks and Si-icey."7 With permission. 
that their relatively high spindle densities are a direct con-
sequence of the small size of these muscles, and that, in 
general, they are not specialized in respect to their spindle 
complement. As a specific example, consider the tenuis-
simus of the cat, which crosses both hip and knee joints yet 
weighs a mere 0.2S g. VVith an average of 16.7 capsules, its 
spindle density (60 g " ' ) and lack of any obvious mechanical 
function have led some authors to suggest a sensory role 
for the muscle. However, the regression relationship shows 
that a typical muscle of the same size would be expected to 
have about 25 capsules, thus contradicting the hypothetical 
sensory specialization. 
Several detailed maps are available showing the distribu-
tion of spindles and other encapsulated receptors in a vari-
ety of muscles. Some of the best, together wi th additional 
references, are given in van dor Wal . ' w Two important fea-
tures of the distribution of spindles emerge f rom the maps, 
as originally described by Gregor 1 0 0 and Y e l l i n , 1 0 1 respec-
tively: (1) spindles are concentrated in the region of nerve 
entry and around the subdivisions of the intramuscular 
nerves and (2) they occur preferentially among extrafusal 
fibers, wi th a high proportion of oxidative (SO and FOG) 
types. 
It has been argued that it is functionally appropriate for 
spindles to be particularly associated wi th oxidative motor 
units, since these are recruited first and are thought to be 
especially important in small, postural movements . 1 0 1 One 
might then reasonably expect spindles to be particularly 
abundant in muscles wi th an overall high proportion of oxi-
dative fibers, but there is no evidence for this when com-
paring the relative abundance of spindles in various cat 
muscles wi th the proportion of oxidative fibers in them. 
Cameron et a l . 1 0 3 refer to the differential sensitivity of 
spindles to surrounding, adjacent, and distant motor units 
as "sensory part i t ioning" of the muscle. It is, of course, an 
inevitable consequence of the mechanical relationships of 
the spindles and motor units, but it is only likely to be of 
functional importance if , as Cameron et al. suggest, there 
are local (intramuscular) reflexes. However, these do not 
seem to occur, 1 0 4 despite increasing evidence for a degree 
of intramuscular somatotopic organization of both moto-
neurons and sp ind l e s . I 0 5 , 1 0 6 A n extensive discussion of sen-
sory partitioning can be found in the review by Windhorst 
et a l . ' 0 7 and the commentaries upon it . 
It may be, as Richmond and Stuart 1 0 8 suggest, that spin-
dles occur among predominantly oxidative fibers, because 
this allows them to sample the activity of all motor units, 
including the fast, fatigable (glycolytic) type. If so, it is not 
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F I G U R E 11-6. Photographs and drawings traced from photographs 
of teased silver preparations illustrating features of the sensory 
innervation of spindles from cat hindlimb muscles. A. Sensory 
innervation of a b|b 2c spindle unit from a superficial lumbrical 
muscle. The primary ending (P) is supplied by a la axon that has a 
mixed distribution, one first-order branch supplying the bagi and 
bag, fibers (b,b : br.), the other supplying the bag? and chain fibers 
(b :c br.). An S, secondary ending lies adjacent to it in the lower 
part of the figure. The equatorial dissociation of the b, fiber pro-
vides a clear view of its secondary innervation and primary termi-
nal system (b, p.t.s.) with characteristic irregular terminals (i t.). 
Asterisk denotes point where II axon divides to produce two first-
order branches; the branch on the right gives rise to three pretermi-
nal axons, two of which travel downward to supply terminals to 
the b| and b : fibers, while the third travels upward to supply ter-
minals to b : and c fibers. S. Sensor)' innervation comprising one 
primary and one S| secondary ending supplied to a b : c spindle 
unit from peroneus brcvis. The b ; fiber lacked a nuclear bag and 
was accompanied by three c fibers. C . Primary terminals supplied 
to b| and b : fibers in a superficial lumbrical spindle. Note the 
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F I C U K E 11-7. Diagrams showing the preterminal branches and 
terminal domains of primary endings innervating cat tenuissimus 
spindles reconstructed from serial longitudinal (spindle 10) or 
transverse (spindles 6 and 12) sections. In each case the parent 
axon (left) divides to form myelinated branches that ultimately give 
rise to several nonmyelinated branches, which each distributes ter-
minals within a separate domain. The approximate locations and 
extents of individual terminal domains are shaded: those belong-
ing to the chain fibers in 6 and 12 could not be determined. Despite 
close similarity in the overall form of all three endings, details of 
the preterminal branching patterns and terminal domains vary 
considerably. (Banks.'09 Reproduced by permission.) 
ward the ends of the terminal systems. Dense-core, coated, 
and complex vesicles occur both in the terminals and in the 
sarcoplasm beneath them; the terminals also contain popu-
lations of large and small clear vesicles (Barker and Saito, 
unpublished observations). It is probable that these pre-
and post-junctional vesicles are engaged in neurosecretory 
processes that maintain the intrafusal muscle fibers and 
their equatorial nuclearion. 
In longitudinal sections of spindles, the terminals are 
typically lenticular in profile, and it is immediately appar-
ent that they are differentially indented into the three types 
of muscle fiber: most deeply in the chain and least in the 
bagi fibers (Fig. 11-8). The lenticular profile is consistent 
w i th the terminals being deformed f rom a condition of min-
i m u m energy and surface area (circular profile) by longitu-
dinal tension in the intrafusal muscle fibers as well as in the 
basal laminae that occur continuously over the outer sur-
faces of both the muscle fibers and the sensory terminals. 
If the mechanical properties of the basal laminae associ-
ated wi th the different types of intrafusal fiber are similar, 
the differential indentation of the fibers by the terminals 
wou ld be due to the mechanical properties of the fibers. 
c h a i n f i b f a i 
FICUKC' 11-8. Tracings of 1 /im-thick longitudinal sections through 
the equatorial regions of the bag : fiber, bag, fiber, and one chain 
fiber from each of three cat tenuissimus spindles. Sections passing 
closest to the diameter of each fiber were selected. Mean sarcomere 
lengths of 50 sarcomeres on each side of the primary ending are 
given for each fiber. They are consistently shortest in spindle k and 
longest in spindle 5, suggesting increasing amounts of 'sialic 
stretch during fixation in the order 4, 10, 5. The terminals are pro-
gressively less indented into the bag fibers in the same order, but 
among the chain fibers only those of spindle 5 are clearly less in-
dented than others. (Banks.'"" Reproduced by permission.) • 
Moreover, increased static stretch of the spindle would be 
expected to increase standing tension in the basal laminae 
and the muscle fibers, causing the radii of curvature of the 
outer and inner surfaces of the lenticular profiles to increase 
also. A preliminary study by Banks 1 0 9 bears this out (Fig. 
11-8), and the proposed mechanism for transduction has 
been supported by Patten and Oval le 's 1 1 3 scanning electron 
microscopy (SEM) study of the terminals and basal lami-
nae. 
The primary axons that supply b|b 2 c spindle units are 
generally thicker than those supplying b 2c spindle units. 
The manner in which their first-order branches distribute 
terminals to the three types of intrafusal muscle fiber is ei-
ther segregated (bag! fiber supplied separately fromi bag 3 
and chain fibers, thereby resulting in separation of dynamic 
and static inputs) or mixed. Distributions are usually segre^ 
gated in tenuissimus and mixed in the superficial lumbrical 
muscles; but in most h indl imb muscles sampled by us, nei-
ther type of distribution predominated. Mix ing was usually 
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clear whv the spindles are still unevenly distributed in cat 
soleus. which consists only of S fibers, nor why spindles 
are so often clumped, as is particularly noticeable in mus-
cles especially rich in them (the spindle complexes of Bak-
ker and Richmond, 3 8 for example). 
Intriguing as many of the functional speculations con-
cerning the intramuscular distribution of spindles are, they 
remain unconvincing. We are left w i th the clear association 
between spindles and subdivisions of the intramuscular 
nerves. If, as seems likely on the evidence from studies on 
earlv spindle development (see above), la and a axons com-
pete for sites on primary myotubes, the observed distribu-
tion of spindles would be expected, especially when it is 
borne in mind that a axons branch extensively within a 
muscle whereas la axons do not. 
Sensory Innervation 
The first detailed account of spindle sensory innervation in 
terms of its distribution to the three types of intrafusal mus-
cle fiber was given by Banks et a l . , J " who used reconstruc-
tion, EM, and examination of teased silver preparations. In 
addition to their description of the form of the primary and 
secondary endings, they noted that the number of second-
ary endings in individual spindles followed a binomial fre-
quency distribution. The terminals of the primary ending 
were further studied by Banks, 1 0 9 and the numbers of sen-
sory endings by Banks and S tacey . 9 ' " 0 Unless otherwise 
indicated, what follows is based on these studies. 
Primary Endings and Axons 
The primary ending terminates on the densely nucleated 
equatorial parts of the intrafusal muscle fibers (the nuclear 
bags, mvotubes. and nuclear chains) and occupies a length 
of about 350 j i m (see Fig. 11-6/4). The ending is annulospi-
ral in f o r m , " 1 and the terminals consist of spirals, half 
rings, and a few complete rings. Spirals are more common 
and more extensive around chain fibers than bag fibers; 
| rings are formed by encircling terminals abutting onto 
' themselves without fusion. The terminal systems supplied 
to bag fibers consist of a middle portion, in which the termi-
nals are arranged mainly as regular transverse bands, and 
portions at each end, in which they are disposed as irregu-
lar forms in mainly diagonal and longitudinal configura-
tions. Bagi terminal systems can be distinguished f rom 
those supplied to bag 2 fibers because they have more bands 
per unit length in the middle and more extensive irregular 
portions at each end (see Figs. 11-2 and 11-6C). Primary 
endings supplied to b 2c spindle units are mostly irregular in 
appearance (see Fig. 11-6B). 
i Reconstructions of three primary endings supplied to 
j 
F I C U R E 1 1 - 6 (Cont.) difference in spacing of the bands encircling 
the regular portions of the b, and b 2 systems and also the charac-
teristically irregular portions of the b| system. Arrows indicate pre-
terminal axons that have been cut but which in the ending ran on 
tenuissimus spindles showed that bag ( terminal systems 
covered the largest amount of muscie fiber surface, the pro-
portional distribution of the total terminal contact areas in 
two endings being as follows: bagi fibers, 33 and 37 per-
cent; bag 2 fibers, 25 and 24 percent; chain fibers, collec-
tively 42 (five chains) and 39 (four chains) percent, individ-
ually 5 to 12 percent. The dense innervation of the bag, 
fiber may be adapted to generate a sufficiently large dy-
namic component in the receptor potential, as considerably 
more fibers (bag; and chain) are involved in the static 
input. 
The reconstructions showed a close association between 
nucleation and innervation (Fig. 11-2) but no constant rela-
tion between number of myonuclei and terminal contact 
area. Bagi fibers received more terminals (on average 5.7 
separately derived f rom nonmyelinated preterminal axonal 
branches) than did bag; fibers (2.7 on average), and both 
received more than chain fibers (average of 0.7 per fiber). 
The few terminals on chain fibers were distributed to all the 
chain fibers in a spindle by sensory cross terminals, 6 4 which 
occurred frequently in all three endings. They were formed 
exclusively among chain fibers, a feature which, taken to-
gether with regions of close apposition between fibers of 
this type (see "Ultrastructure," under "Intrafusal Muscle 
Fibers," above), may be attributed to their incomplete sepa-
ration during development (see "Development," under 
"Intrafusal Muscle Fibers," above). These features correlate 
w i th the fact that chain fibers frequently contract as a group 
on fusimotor stimulation."" 1 
Within a primary ending, the terminals are not symmet-
rically distributed, and the form of each one depends on its 
location in the complete system. On the bag fibers, for ex-
ample, pure spirals are confined to those parts of the termi-
nals that happen to overlie the nuclear bag. Despite close 
similarity in the overall form of the three reconstructed 
endings, the domains of individual terminals varied con-
siderably between the endings (Fig. 11-7). Thus, underly-
ing the constant overall form of the primary is an indepen-
dently varying finer level of organization. The terminals 
appear to be competing among themselves for a limited 
amount of a suitable contact site on each muscle fiber. Evi-
dence that the necessary site specificity exists has been ob-
tained in our studies of reinnervarion (see "Reinnervation 
and Recovery," below). 
Ultrastructural studies of primary axon terminals (re-
viewed by Barker 2 1 ) have shown that they lie in shallow 
grooves on the surface of the muscle fibers and form 
smooth myoneural junctions. In contrast to the motor myo-
neural junctions, there is no intervening basal lamina, and 
they are not covered by Schwann cells but rather by basal 
lamina continuous wi th that of the muscle fibers. The ter-
minals contain neurofilaments, microtubules, glycogen 
granules, mitochondria, and a mixed population of vesi-
cles. Degenerating mitochondria tend to accumulate to-
to supply terminals to c fibers. Asterisk indicates position of a sen-
sory cross-terminal with a c fiber. (Banks it al." Reproduced by per-
mission.) 
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restricted to the dynamic input and resulted f rom the bagi 
fiber sharing a supply of terminals wi th a few chain fibers. 
Quick et a l . i u have shown that the sites for impulse gen-
eration in la axons are the heminodes and some of the pe-
nultimate nodes of the final branches. For la axons whose 
first-order branches have a segregated distribution, there 
would presumably be separate dynamic and static pace-
makers. These have been demonstrated by Hulliger and 
\ ' o t h , " 5 and the interaction of spiking nodes in a real pre-
erminal tree has been modeled by Otten et a l . " ° The spik-
ng activitv of the final branches of spindle afferents is gen-
.•rated bv receptor potentials produced by their 
erminals. '" 7 - 1 1 8 
Secondary Endings and Axons 
Secondary endings terminate on one or both sides of the 
irimary (see Fig. 11-6,4 and 8). The most we have seen on 
,nio side is five and on both sides six. Each occupies a 
length of about 350 and is designated S|,S;,S;i, and so 
,)ti , according to its position relative to the primary. Most 
:econdaries terminate next to the primary in the S| posi-
l inn . though the proportion varies f rom muscle to muscle 
depending on the parameters of binomial frequency distri-
bution's (see "Number of Afferent Axons," below). Of 1250 
• econdarv endings from a varietv of mainlv hindlimb mus-
t les . the percentages of secondaries in the different loca-
tions were Si, 71; S :, 22; S3, 6; S4, 1; S5, 0.3 (Banks and 
ijtacoy, unpublished results). The proportion of Si endings 
rj.ni;-',ed from 56 percent in complexus to 100 percent in ex-
tensor digi torum lateralis. Chain fibers are innervated in all 
secondary endings, but few secondaries are restricted to 
Jhain fibers only; most are distributed to all three fiber 
types. Restriction of terminals to one or two fiber types is 
rhore prevalent among secondaries terminating in the more 
polar positions. 
Secondary terminals supplied to chain fibers are annulo-
spiral but generally thinner and more dispersed and irregu-
lar than those supplied to chain fibers in primary endings. 
\|Vhen bag fibers are included in the innervation, their ter-
niinals are generally much more irregular, and the bagi 
rjber usually receives fewer than the bag 2 , often in the form 
o'f sprays. The ultrastructure of the terminals is very similar 
tJi that of primary terminals. Cross terminals occur between 
chain fibers and also between chain fibers and both types of 
b'ag fiber. 
I The total terminal contact area of a reconstructed S! sec-
ondary ending was 32 percent less than that of the adjacent 
pVimary. The chain fibers received 75 percent (individually 
16 to 22 percent); the bag 2 fiber, 17 percent; and the bagi, 8 
pjercent. Using NADH-TR staining, Kucera 1 1 9 reports that 
jrjng-chain fibers receive less secondary innervation than 
other types of chain. The secondary innervation of bagi 
fibers appears to be of little functional significance. Stimula-
tion of dynamic fusimotor axons rarely increases the dy-
namic sensitivity of secondary e n d i n g s . 1 : 0 1 2 1 The particu-
larly high dynamic sensitivity of most secondary endings in 
p?roneus tertius, reported by Jami and Peti t , 1 2 2 is not 
n-atched by an unusually extensive secondary innervation 
o bagi fibers in this muscle. 
Secondary axons terminating as S| endings are generally 
thicker than those terminating in more polar positions. 
There is considerable overlap between the intramuscular 
diameters of la and II axons that innervate all three types of 
muscle fiber. 
Number of Afferent Axons 
The provision of both la and II axons to the spindle comple-
ment of a muscle varies characteristically among different 
muscles. Since a single la axon is required to initiate and 
maintain a differentiated spindle (see "Development," 
above), the variability can be described by considering the 
number ("a") of afferent axons supplied to individual spin-
dles, additional to a single la. The parameter is expressed in 
this way, rather than as the number of secondary endings, 
to take account of those spindles whose primary endings 
appear to be supplied by two or more la axons and of those 
II axons that branch wi th in a spindle to end in both Si posi-
tions. These features are rare in most cat muscles so far 
studied, though in certain muscles the proportion of spin-
dles wi th primary endings supplied by two la axons is quite 
high (12 to 23 percent in extensor digitorum longus and 8 
percent in popli teus) . 9 ' - 2 4 2 In rat masseter, multiply-inner-
vated primary endings are the rule (92 percent) rather than 
the exception and up to 5 axons may be invo lved . 6 3 
For several, mainly hindlimb, muscles of the cat, the 
mean value of "a" varied f rom 0.56 in extensor digi torum 
lateralis to 3.5 in complexus. The greatest number of affer-
ents occurred in a popliteus spindle wi th a complement of 
S^SiPPSiS^S., (8 afferents). Frequency distributions for 
"a" are well described by binomial statistics, and they are 
also characteristic for different muscles (Fig. 11-9). This 
suggests that, after the initial determinative contact by a la 
axon, the remaining, mostly I I , afferents are distributed 
randomly among the developing spindles. If so, the greater 
availability of afferents at the point of nerve entry to the 
muscle might be expected to result in spindles close to this 
point receiving more afferents than average. This predic-
tion is borne out by a study on tenuissimus, facilitated by 
its linear spindle arrangement. 1 1 0 
These results suggest that any afferent, la or I I , entering 
the spindle during development should be able to make an 
ending capable of persisting into the adult. At present, it is 
diff icul t to reconcile this w i th the observation 3" that tran-
sient multiple contacts of the future primary region by sev-
eral presumed la axons occurs in the early development of 
the rat hindlimb spindle. 
Motor Innervation 
Analysis of the intrafusal distribution of motor axons and 
their endings has proved to be one of the most di f f icul t 
problems in studies of the mammalian spindle and has led 
to much controversy. Some of the difficulties have arisen 
because the methods used were either incapable of resolv-
ing important details or led through artifact to false conclu-
sions. Another diff icul ty has been that overlapping vari-
ability occurs between some of the categories described. 
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F I G U R E 11-9. Pairs of histograms showing the observed distribu-
tions (rear of each pair) and best-fitting binomial distributions 
(front of each pair) of numbers of afferents (a) in excess of a single 
la tor various cat muscles. The histograms are positioned on the 
i;rid according to their binomial parameters (II, ;>)• Abbreviations: 
Comp(lexus); E C L . Extensor caudae lateralis; E D L a , Extensor digj-
torum lateralis; EDL. Extensor digitorum longus; F D L , Flexor dit>i-
torum longus; Int(erosseus); Pop(liteus); Sol(eus); S D L , Superficial 
and deep lumbrical; Ten(uissimus). f.Vloi/i/iVif from Blinks i W 
SMivy.''j 
and this allows for a theory to be supported by an unwit-
tingly biased selection of results. 
The first controversy arose over the dual model of the 
spindle proposed by B o y d . 3 8 Based on a study of teased 
gold chloride preparations, this distinguished between two 
svstems of y axons, those that terminated as pl.iies on bag 
fibers and those that formed networks on chain libers. Such 
selective innervation of the two types of intrafusal muscle 
fiber catered admirably for the operation of the two func-
tionallv distinct types of y axon, static and dynamic, that 
had just been established by Matthews,' 1 and this model 
was generally accepted unt i l well into the seventies, 1 2 3 de-
spite increasing histological evidence against it. This came 
mostly f rom the findings of Barker and his colleagues, who 
had devised a technique for producing teased preparations 
of spindles that had been impregnated w i t h s i lver . 1 2 4 They 
described the motor innervation of mammalian spindles in 
terms of a trail innervat ion 1 0 and two types of plate desig-
nated as p i and p 2 . " They concluded 1 2 ' that whereas most 
chain fibers received trail endings only (Boyd's "net-
works"), the trail innervation was nonselectively distrib-
uted to bag fibers, chain fibers, or both. The p i plates were 
recognized as belonging to the /3 system, since they were 
similar to extrafusal end plates, and were sometimes seen 
to be supplied by a branch of a (3 axon. Moreover, after 
nerve section, px plates and extrafusal plates degenerated 
simultaneously, whereas p j plates and trail endings per-
sisted for a further 24 to 36 h. The distribution of the plates 
was also held to be nonselective, the bag/chain ratio of dis-
tribution being given as p i , 75/25; p i , 90/10. 
B o y d 1 2 6 1 2 ' and Mat thews ' 2 3 accepted that there was 
some nonselectivity in the distribution of the trail innerva-
tion but did not consider it to be of any functional impor-
tance. Such a view became increasingly untenable in the 
light of convincing evidence obtained from various histo-
physiological experiments conducted in the early seventies. 
The first of these, carried out by Barker et a l . , l : s entailed the 
isolation of single static yaxons innervating tenuissimus bv 
cutt ing all other motor axons supplying the muscle and al-
lowing a few days for them to degenerate. Subsequent ex-
amination of the terminals of the surviving static axon- in 
teased silver preparations revealed that they were trail end-
ings and that they were most frequently distributed to broth 
bag and chain fibers. In another series of experiments on 
tenuissimus carried out by Barker et a l . , l 2 9 , l 3 u procion yel-
low dye was injected electrophoretically into intrafusal 
muscle fibers impaled by microelectrodes and activatedjbv 
single static y axons (see Fig. 11-10,4 to C). The types' of 
muscle fiber impaled were then determined by fluorescence 
and EM; they proved to be either bag or chain fibers. In Qne 
experiment, two muscle fibers activated by the same static y 
axon were impaled and injected in one pole of a spindle; 
one proved to be a bag fiber, and the other a chain fiber (see 
Fig. 11-10C). Further demonstrations of the nonselectivity 
of static y innervation came f rom glycogen-depletion exper-
i m e n t s 1 3 ' - 1 3 2 and experiments by Bessou and Pages l 3 3 • l 3 j , in 
which the effects of fusimotor stimulation on intrafusal 
muscle fibers were directly observed and f i lmed. A crucial 
observation made by them wi th respect to bag fibers was 
that a static y axon never activated the same bag fiber that 
could be activated by a dynamic y axon. j 
The dual model of the spindle was finally abandoned in 
the mid-seventies, when the fact that there were two tyjpes 
of bag fiber became f i rmly established on histological 
g r o u n d s . 2 3 , 2 9 It was now generally agreed that bagi fibers 
were responsible for dynamic actions and that bag: and 
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: I C L R E 11-10. M-C. Transverse sections (10 to 15 /im thick) of cat 
enuissimus spindles showing fluorescence of muscle fibers in-
ected with procion yellow following recording of their membrane 
potentials on activation by single static y axons. In (A) the muscle 
liber is a chain fiber from which an action potential was recorded; 
n (6) it is a bag; fiber from which a junctional potential was re-
corded. In (C) two fibers that were activated by the same static y 
axon were impaled and injected; the large fiber is a bag; fiber from 
Vvhich a junctional potential was recorded, whereas the small fiber 
i s a chain fiber from which an action potential was recorded. 
(Barker it n/.'"'* Reproduced by permission.) D. A 10>/xm frozen trans-
verse section of a cat peroneus brcvis muscle stained for glycogen 
(PAS method) following repetitive stimulation of a single dynamic 
P axon (conduction velocity 77 m/s) to produce glycogen depletion. 
Asterisks indicate depleted extrafusal muscle fibers and a depleted 
bag! fiber in the muscle spindle in the lower right quadrant. Histo-
chemical tests applied to adjacent sections showed that the extrafu-
sal muscle fibers were of the slow oxidative type. (Barker et at.'" 
Reproduced by permission.) 
chain fibers were responsible for static actions. This had 
bjecome evident f rom more cinematographic analyses of 
intrafusal contractions 1 3 5 1 3 6 and further glycogen-depletion 
studies. 1 3 7 
I It was clear that in most spindles, dynamic axons, y or p, 
exclusively innervated the bag, fiber and that such axons 
seldom supplied other types of fiber. In tenuissimus, the 
combined results of glycogen-depletion 1 3 7 and procion-
y e l l o w 1 3 0 experiments indicated that dynamic y axons acti-
vated bag: or long chain fibers, in addition to the bag) fiber, 
in about one in every four or five spindles. Glycogen-deple-
tion experiments on dynamic /3 a x o n s l M s h o w e d that these 
had a very similar distribution (see Fig. 11-10D). 
What was not clear was whether the bagi fiber could also 
be activated by static y axons. Glycogen-depletion studies 
indicated that there was such activation, the frequency of 
bagi depletions produced by stimulating single static y 
axons being about 50 percent in t enu i s s imus . 1 3 1 1 3 7 More-
I 
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over, experiments by Emonet-Denand et al. (197S), 1 3 9 in 
which thev surveyed the effects on the primary-ending re-
sponse of stimulating single y axons during stretch, lent 
support to this conclusion. They recognized categories of 
response intermediate between "pure" static and "pure" 
dynamic and showed that these could be mimicked by mix-
ing the effects produced when stimulating two y axons 
supplying the same spindle, one purely static and the other 
purely dynamic in action. They concluded that 33 percent 
of the responses f rom peroneus brevis spindles to single y 
axon stimulation were produced by an admixture, in vari-
ous proportions, of static and dynamic actions. Though less 
than might be expected f rom the frequency of the glycogen 
depletion of bagi fibers by static y stimulation in tenuis-
simus, this compared well w i t h the 3S percent of such de-
pletions subsequently found among peroneus brevis spin-
dles by Emonet-Denand et a l . 1 4 0 
Nevertheless the matter remained in doubt because dy-
namic bag fibers could not be seen to contract in response 
to static y s t imu la t i on . 1 3 4 ' 1 3 6 Moreover, although the gly-
cogen-depletion results 1 3 7 for tenuissimus suggested that 
virtually every bagi fiber should receive trail plates, recon-
structions of 3'/3 tenuissimus spindles made by Banks' 4 1 
f rom thin serial cross sections failed to reveal any trail in-
nervation on bag[ fibers. Such reconstructions could feasi-
bly be made of only a few spindles, but fortunately they 
revealed consistent features of sensory innervation that 
enabled bagi and bagi fibers to be identified wi th confi-
dence in larger samples of teased silver preparations. The 
frequency of bagi t r a ' ' innervation in such preparations 
was found by Barker and Stacey 1 4 2 to be S percent in tenuis-
simus and 17 percent in peroneus brevis, much less than 
the glycogen-depletion results had indicated. 
These results led to two conclusions. First, that the gly-
cogen-depletion technique produces some activation of the 
bagi fiber that is nonneural; this could be either a stretch-
induced cont rac t ion 1 4 3 ' 1 4 4 or some physicochemical factor, 
e.g., accumulation of potassium ions liberated f rom con-
tracting bagi and chain f i b e r s . 1 4 2 1 4 3 Second, that innerva-
tion by static y axons only occasionally involved the bagi 
fiber. This implies that the variability of the static response 
is largely the result of the activation of bag 2 and chain f i -
bers, either on their own or in various combinations in one 
or both poles of a spindle, wi th the additional activation of 
the bagi fiber making only an occasional contribution. 
Advances in knowledge of spindles since 1970, when 
Barker et a l . 1 2 5 gave a detailed description of their px, p 2 , 
trail classification of intrafusal motor endings, led them to 
reexamine it 15 years later. The three categories of ending 
were based on an analysis of their presynaptic features as 
seen in teased silver preparations. In the new s tudy , 1 3 
motor endings received by the three types of intrafusal 
muscle fiber were compared wi th the endings supplied to 
spindles by the various functional categories of motor axon. 
Three forms of motor ending were found that had signifi-
cantly different presynaptic features; these forms corre-
sponded closely to those previously identified in the litera-
ture as P( (/3), p 2 (dynamic y), and trail (static y). 
When postsynaptic features are considered, intrafusal 
motor endings do not fall into categories that correspond to 
the p i , p 2 , trail classification. The degree of indentation 
(primary folding) of the intrafusal muscle fibers by moto • 
axon terminals increases w i t h greater distance f rom the pri 
mary ending, irrespective of fiber t y p e , 1 3 ' 1 4 6 whereas th<; 
amount of junctional (secondary) folding is related to fiber 
type and tends to increase in motor endings on bag], bagv, 
and chain fibers, respectively. 3 2 ' 4 6 1 3 0 ' 1 4 1 1 4 6 - 1 4 9 This grada-
tion is matched by the cholinesterase (ChE) content of the 
endings, there being a parallel increase in the density and 
thickness of the ChE reaction product . 1 4 3 The factor of dis-
tance f rom the primary ending appears to operate regard-
less of fiber type, such that the greater the distance, the 
higher the ChE content of an end ing 1 4 3 and the greater the 
amount of junctional folding. 
The question as to whether there are two physiologically 
distinct types of static y axon 1 - 0 w i th ultrastructurally dif-
ferent kinds of p l a t e 1 ' 1 - 1 ' 2 is discussed in the next section. 
The y Motor innervation 
The y innervation is provided by small motoneurons that 
have an exclusively fusimotor d i s t r ibu t ion . 1 ' 3 Each y axon 
is distributed to several spindles, but in a selective manner 
so as to supply either bagi fibers or bag 2 and chain fibers. 
Exceptions to this dichotomy are rare in the cat but more 
common in the ra t 1 ' 4 and m o n k e y , 1 " though even in these 
species the overall distribution of the axons concerned may 
be predominantly of one kind or the other. The functional 
classification of y motoneurons into dynamic and static 
by 
is-
types 4 , 6 corresponds wi th their segregated distribution, 
those having dynamic effects being distributed to bagi f i -
bers (see previous section). There is, however, no distinc-
tion between the axonal conduction velocities of the two 
types; both cover a range f rom 15 to 55 ms" 1 . ' ' 7 In general 
static y axons seem to outnumber dynamic y axons 
about 3: l , 1 3 3 but the ratio may be much higher in tenu 
s imus . 1 5 9 
This muscle has proved to be particularly useful in study-
ing the distribution of static y axons because of its aim ast 
linear arrangement of spindles. Individual primary endings 
can be located and their responses to fusimotor stimulation 
correlated wi th directly observed intrafusal contractions 
and wi th the pattern of motor innervation subsequer tly 
observed histologically. B o y d 1 2 0 showed that d i f fer ;nt 
types of static effect could be related to either bag 2 or chain 
fiber activity and went on to use the relationship to infer 
distr ibution of individual static axons in several sp 
d i e s . 1 5 0 - 1 6 0 Some of the spindles were subsequently a 
lyzed by serial section for light microscopy and E M . 
I 5 i . i 5 2 . i 6 i g o y c | a n c j h i s c o n e a g U e s concluded that there are 
two types of static y axon whose neuromuscular junctions 
display different postjunctional characteristics. Accorc ing 
to B o y d , 1 6 0 one always innervates bag 2 fibers whereas the 
other always innervates chain fibers, but neither is re-
stricted to its characteristic effector. Gladden and Suther-
l a n d 1 6 2 later suggested that there may, in addition, be a 
third type that supplies chain fibers exclusively. 
Against this, it has been our experience 1 3 that postjunc-
tional structure is related to muscle fiber type and to loca-
tion of motor endings w i t h respect to the primary ending, 
rather than to axonal type, and Kucera and W a l r o 1 4 6 have 
described similar relationships (see the introduction to this 
the 
in-
na-
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section). Furthermore, Banks ' 3 9 has used a tenuissimus 
preparation combined w i t h silver histology to produce an 
independent correlation of primary responses to static y 
Stimulation wi th motor innervation patterns. He found that 
a biasing effect (see "The Spindle as a Receptor"), attrib-
uted by Boyd to the bagi alone, requires bag; activity but 
Iran- also be produced when chain fibers are coinnervated 
wi th the bagi. Driving the primary response at the same 
requency as the motor stimulation seems to be characteris-
;ic of chain fibers active alone, but subharmonic driving, or 
jther indeterminate effects, might again indicate coactiva-
on of bagi and chain fibers. 
Banks 1 5 9 found no evidence for there being two or more 
listinct kinds of static 7 axon but did find that static 7 axons 
\ere differentially distributed according to conduction ve-
I j c i tv (see Table 11-2). Faster-conducting axons were more 
vidcly distributed and less likely to innervate chain fibers 
lone than slower ones. In the innervation of individual 
pindles, axons that produced 1:1 driving were likely to be 
he slowest-conducting static axons supplying the spindles 
oncerned, even though they might not have the slowest 
onduction velocity of all the static axons supplying the 
rh uscle. 
J Experiments involving cortical, brainstem, or reflex acti-
vation of intrafusal muscle fibers have been interpreted as 
supporting the subdivision of static y axons into two 
kinds. i n 3 - l t " The existence of a differential distribution of a 
sjingle population of axons might provide sufficient segre-
gation to account for these observations. Nevertheless, 
functional segregation of bagi and chain-fiber activation is 
undoubtedly far f rom complete, and further evidence wi l l 
presented below (see "The Pattern of Innervation") that 
raises serious doubts about the existence of functional ben-
efits arising from a segregated bagi/chain system. 
ffie P Motor Innen'ation 
Physiological evidence for the existence of mammalian 
skeletofusimotor axons was first demonstrated by Bessou et 
a l . 5 - 1 " 6 in the first deep lumbrical muscle of the cat. They 
showed that the repetitive stimulation of such axons, later 
referred to as /3 , 1 6 7 not only produced extrafusal contraction 
but also activated spindles by increasing the dynamic sensi-
tivity of the primary ending. Histological evidence was pro-
vided by Adal and Barker, 1 6 8 who traced the intramuscular 
branching of the motor supply to this muscle in teased 
osmium tetroxide preparations and showed that it included 
fibers that had a skeletofusimotor distribution. These had a 
diameter range of 6.0 to 12.5 fim, which corresponded well 
w i th the slow conduction velocities (31 to 61 ms" 1 ) of the 
skeletofusimotor axons described by Bessou et a l . 3 As os-
mium^ stains only myelin, no information was obtained on 
th|e form and location of the intrafusal p terminals, but 
Barker et a l . 1 2 3 recognized these as pi plates in their teased 
silver preparations, wi th a bag/chain fiber distribution of 
75 /^25 (see the introduction to this section). The fact that p 
axons terminated in p i plates was later demonstrated in 
spindles deprived of their y innervation by degeneration. 1 6 9 
Barker et a l . 1 2 5 observed that p i innervation was wide-
spread in cat hindlimb muscles and considered it unlikely 
Table 11-2 SYMBOLIC REPRESENTATION O F THE EFFECTS O F 
STIMULATING y-EFFERENTS ON THE RESPONSES 
OF PRIMARY ENDINGS IN A CAT TENUISSIMUS 
M U S C L E J 
Au'erents: proximal — distal 
Efterents 
by cv 
41 
40 
33 
31 
30 
2S 
27 
27 
24 
23 
No. static 
— A 
No. of 
spindles 
J B H C 7 
• O — O 6 
• • • • 5 
— C A A 6 
Q 2 
_ _ _ _ 1 
A — — — 
A — • — 
A — 
• • • • • 
4 3 5 5 - 1 
No. dynamic 1 1 1 1 1 
Total 5 4 6 6 5 
•"Each row shews the effects of .1 single efferent on the several primaries 
Activated by it: — . no effect; • . busing; O . indeterminate: A . 1:1 driving; • , 
dynamic. The .liferents .ire arranged in the proximal-to-disl.il sequence of 
their corresponding spindles and are identified .ilph.ibetk.illy according to 
the order in which they were isolated, tft'erents are arranged by conduction 
velocity (cv, in m/s) as shown in the column at the left: the total number of 
spindles supplied by each one is given in the column at the right. The num-
bers of efferents supplying each spindle are summarized at the bottom of the 
table in the corresponding column. 
SOURCE: Banks. 
that the presence of a skeletofusimotor innervation was a 
vestigial feature, as had been suggested. 3- 1 2 0 In flexor hallu-
cis longus, they found that 73 percent of spindle poles were 
innervated by pi plates. They argued that this proportion 
was too high for them all to have been supplied by the 
collaterals of slow-conducting fi axons and suggested that 
the deficit was made up by fast p axons. 
The use of the glycogen-depletion technique, combined 
wi th mATPase staining for muscle-fiber type, showed that 
the intrafusal contraction produced by slow dynamic (3 (/3d) 
axons was almost exclusively restricted to bagi fibers and 
that the extrafusal contraction was confined to slow oxida-
tive (SO) f i b e r s . 1 7 0 1 7 1 The predicted existence of fast /3 
axons was confirmed by glycogen-depletion studies on per-
oneus tertius by Harker et a l . 1 ' 2 and Jami et a l . 1 7 3 These 
showed that fast p axons selectively depleted long chain 
f ibers , 1 7 2 were static in action, and activated fast oxidative-
glycolytic (FOG) f ibers . 1 7 3 
Jami et a l . 7 shed further light on the extrafusal composi-
tion of j3 motor units in peroneus tertius by determining the 
fatigue index of 24 static P (/3s) units and 12 pd units; the 
conduction velocity range of the Pi axons was 69 to 100 
ms" 1 , whereas that of the pd axons was 55 to 91 m s - 1 . Their 
results (expressed in terms of Brooke and Kaiser's 1 7 4 no-
menclature for fiber types and Burke 's 1 7 5 equivalents for 
fiber and motor-unit types) showed that, extrafusally, the 
Pd units in this muscle were composed of type I fibers 
(rarely I IA fibers), and that the ps units consisted of I IA 
fibers (usually), IIB fibers (occasionally), or type I fibers 
(rarely). The overlap in conduction velocities between pd 
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and /3s axons results in the extrafusal composition of their 
units being related more to the conduction velocity of the P 
axon than to its static or dynamic effect on the spindles. 
Barker et a l . 1 7 6 - 1 7 7 have recently studied the composition 
of one j3ii and three /3s units in serial cross sections of pero-
neus tertius using the glycogen-depletion technique com-
bined wi th mATPase staining for muscle-fiber type. The 
conduction velocities of the P axons were pd. 72 ms" 1 ; P*i. 
90 ms"' ; ps2 and 3, 95 m s - 1 . They found that the units were 
composed of mixed extrafusal fiber types. The /3.-" units con-
sisted of (IB fibers plus varying percentages of IIA fibers, 
namely, 6.7 (/3s,), 5.S (/3s2), and 29.9 ( f l S j f T h e pd unit was 
made up of 93 extrafusal fibers, of which 76 were type I and 
IS.3 percent IIC (11) and IIC/I (6), the latter changing fiber 
type dur ing the course of their length. The authors suggest 
that minimal mixing (around 5 percent) of fiber types is 
probablv common to all motor units; it was, in fact, re-
ported by Edstrom and Kugelberg 1 ' " in the first study of 
motor-unit fiber types using the glycogen-depletion tech-
nique. Such mixing may be accounted for by small numbers 
of fibers being relinquished naturally by motoneurons and 
subsequently incorporated into other motor units. This 
turnover mav be attributed to the continuous process of 
end plate degeneration and replacement proposed by 
Barker and I p 1 ' 9 in the sixties and now widely accepted to 
be a feature of normal muscle (see review by Cotman et 
a l . i s " ) . It is not known, at present, how to account for mod-
erate mixing (around 30 percent). 
Skeletofusimotor axons are now regarded as an integral 
feature of the somatic neuromuscular system in mammals. 
Estimates by Jami et a l . , ' based on the physiological identi-
fication of P axons wi th conduction velocities of 55 ms" ' or 
more (anv slower (3 axons would have been excluded), indi-
cate that at least 50 percent of the spindles in peroneus 
tertius receive a P innervation and that one-third of the (3 
supply is dynamic and two-thirds static. In tenuissimus, a 
glycogen depletion s tudy ] S > showed that /3 axons (about 
half dynamic, half static) supply at least 40 percent of the 
spindles. The fusimotor collaterals of /3 axons provide a 
positive feedback loop to the spindle in that their activation 
increases la afferent discharge, 1 ' 1 which then leads to fur-
ther j3 activation. This route for spindle excitation extends 
the range of control of spindle afferent discharge well be-
yond that provided by y axons and enables /3 axons to exert 
a significant influence in the control of muscle contraction, 
as in , e.g., the crossed extensor ref lex. 1 3 2 Apart f rom the 
occurrence of /3 axons in cat spindles, there is physiological 
evidence for their existence in rabbit, 6 r a t , 1 4 3 and mon-
k e y 1 8 4 ' 1 8 6 spindles and histological evidence in ra t , 1 8 7 rab-
b i t , 2 6 m o n k e y , 1 8 5 , 1 8 8 and h u m a n 1 8 9 spindles. Reconstruc-
tions of r a t 1 8 7 and monkey 1 8 8 spindles have shown that the 
P innervation is selectively distributed to the bagi and long 
chain fibers, as in cat spindles. Some distal muscles of the 
rat's tail contain spindles that lack any y innervation and 
are activated entirely by P axons, dynamic and s ta t ic ." 3 - 1 9 0 
The Pattern of Innervation 
It is useful to summarize the present view of how motor 
axons are "wi red up" in cat hindlimb spindles (see recent 
review by Banks 1 9 0 ' ) . Inevitably the view is based on 
tenuissimus, because most is known about spindles in this 
muscle. The fol lowing summarv is based largely on teased 
silver-impregnated spindles1""'"1'''1 supplemented by serial-f 
section reconstructions. 1 4 1 ' w l ~ 1 ' ' 4 On average, each spindle—| 
containing one bag,, one bag : and four chain fibers—; 
receives branches ot nearly 7 motor axons in a range of 2 to 
13. The frequency ot occurrence of different numbers of 
branches follows a binomial distribution, indicating that the 
branches are randomly distributed wi th respect to the spin-
dles. It is usually possible to identify the intrafusal branches 
of p and y axons by their presynaptic f o r m . 1 3 They numbejr 
1 to 6 (mean 3.2) and 1 to 7 (mean 3.S), respectively. In each 
case they appear to be randomly distributed to their spin-
dles. However, the number of afferent axons additional to'a 
single la also follows a binomial frequency distribution (se^ e 
"Number of Afferent Axons," above), and there is a ver,y 
clear tendency for spindles wi th more afferents to receive 
more y branches, though there is no relationship between 
the numbers of P branches and afferents. This may reflect 
different requirements for guidance during development. 
The bagi fiber is almost always separately innervated, 
receiving 38 percent (mean of three muscles, range 34 to -11 
percent) of the motor branches. Tenuissimus seems to have 
very few dynamic y axons; in some cases they may be ab-
sent altogether. Most of the branches to bag, fibers in our 
sample are derived from p axons. Occasionally the bagi 
fiber is co-innervated wi th a long chain pole, but these ac-
count for less than 1 percent of the total motor branches. 
Static p branches supplied exclusively to long chain polos 
amount to a further S percent of the total, leaving the bal-
ance of 53 percent (range 49 to 56 percent) supplied to bag: 
or chain fibers or both. These are almost without exception 
branches of static y axons. The proportion that co-inner-
vates both types of fiber in this group is quite variable, 
ranging in our sample f rom 17 to 40 percent. 
The bag; and chain fibers may receive a completely seg-
regated input in each pole, a completely mixed input, or an 
input variously segregated, e.g., a branch to bag 2 alone 
plus another to the bag 2 and chain fibers. Examples are 
shown in Fig. 11-11. When analyzed without reference to 
the sensory innervation, poles wi th different degrees of 
segregated input appear to be randomly associated in com-
plete spindles; but if account is taken of the occurrence of 
secondary endings in each pole, then a relationship be-
tween the sensory and motor systems again emerges. 
However, the relationship is not what would be expected if 
a segregated motor supply to the bag? and chain fibers 
were functionally desirable. Thus the degree of segregation 
in the motor input increases rapidly, then more slowly, as 
first one pole and then the other receives secondary end-
ings. Ultimately, as more static y branches enter, the degree 
of segregation may actually fall, since complete segregation 
is most likely to occur when only two branches supply each 
pole. What is remarkable is that when secondary endings 
are present in only one pole, it is that pole which normally 
receives the more segregated static y input, despite the fact 
that such segregation is virtually irrelevant to the response 
of the secondary e n d i n g . 1 2 0 Furthermore, although spin-
dles that possess only a primary ending typically receive 
two static y axons, it is the poles rather than the bag 2 and 
chain fibers that are separately innervated. 
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FICL'KE 1 1 - 1 1 . Schematic representation of the innervation of 
i iree cat spindles from a tenuissimus muscle, illustrating the range 
i t complexity. The numbers refer to the order of the spindles in 
proximal to distal sequence in the muscle, which contained 20 
swindles. Static y axons end as trail plates (open circles) on bag; 
and chain fibers, whereas f ) axons end as pi plates (filled circles) on 
bagi and long chain fibers and are dynamic or static accordingly. 
Note the concomitant increase in the number of y axons and affer-
ent* but not of [} axons; and, in spindle 2, note the occurrence of a 
segregated input to the bag 2 and chain fibers in the same pole as 
the secondary endings. (Data from Banks,'59 experiment CSS3. in 
a /nV/i there mis no evidence for any dynamic y inncmition.) 
| Perhaps the most important functional requirement is for 
a I muscle to receive several distributed, exclusively fusi-
motor static axons that provide both divergence of individ-
ual motoneurons to several spindles and convergence of 
different motoneurons onto individual spindles. The devel-
opment program may then result in a degree of intrafusal 
segregation which is itself of little functional significance. 
The Spindle as a Receptor 
Input-Output Properties 
When a ramp-and-hold stretch is applied to an adapted, 
dejefferented spindle, the primary ending fires a short, 
high-frequency burst of impulses at the start of the ramp; 
this is followed by a more or less steady increase in the rate 
of f i r ing unti l a peak is reached at the end of the ramp. 
so-
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F I G U R E 11-12. Length sensitivity of a spindle afferent unit, prob-
ably a secondary ending, shown by the slope (IS impulses s _ l per 
mm) of the adapted firing frequency against muscle length. Maxi-
mum physiological length corresponds to zero on the abscissa. 
With the muscle completely slack, the ending had a tonic discharge 
of 20 impulses s"'. Conduction velocity 63 ms" 1; cat peroneus 
brevis. 
During the held phase, there is an initial adaptation, rapid 
at first, then slower, until a new maintained level of f ir ing is 
reached. The relation between this static fir ing level and the 
extension of the muscle is approximately linear and has 
been called length, or position, sensitivity*23-1''3 (see Fig. 11-
12). As the velocity of stretch increases, the frequency of 
the initial burst becomes higher and the slope of the re-
sponse dur ing the ramp becomes steeper, leading to higher 
peak rates at the end of the ramp. However, stretch velocity-
does not affect length sensitivity, so that the difference be-
tween the peak rate and the adapted rate at some arbitrary 
later time (0.5 s in the case of the widely used dynamic 
index) is some measure of the dynamic response of the 
ending. Thus, for an ending wi th low dynamic sensitivity 
or one in a muscle stretched at a low velocity, the slope of 
the dynamic response closely corresponds to the length 
sensitivity (indeed, B o y d 1 2 0 uses the term length sensitivity 
to mean the slope of the dynamic response). A l l these fea-
tures are recognizable in secondary endings, although the 
initial burst and dynamic response are usually much less 
well developed (see Fig. 11-13). 
Al though the effects of dynamic fusimotor axons are 
mediated through the bagi fiber, it does not necessarily fol -
low that the dynamic response of passive spindles is due in 
whole or part to the bag!. Several authors have now suc-
ceeded i n ident i fying b 2c primary afferents f r o m various 
sources and all are agreed that they show substantial pas-
sive dynamic behavior . 1 9 6 " 2 0 2 As in secondary endings, the 
dynamic response cannot be selectively increased by dy-
namic fusimotor stimulation. 
The effects of motor stimulation ((3 or y) on the primary-
ending response depend on the rate of stimulation and the 
type of muscle fiber activated (see Fig. 11-13). Stimulation 
of a dynamic axon activates the bagi fiber and produces an 
increase in the static f i r ing level, though not usually in the 
length sensitivity. When a ramp-and-hold stretch is applied 
in addit ion, the initial burst is abolished and the slope of 
the dynamic response is increased. Stimulation of a static 
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FIGURE 11-13 . Responses of pri-
mary endings in three cat tennis-
simus spindles to ramp-and-r old 
stretch in the absence (test) and 
presence (y, P) of motor stimulation. 
Responses are shown as instanta-
neous frequencies above zero base-
lines; muscle length is indicated at 
the bottom of each column! A. 
Shows the effects of dynamic |(yl) 
and static (y2) fusimotor stimulation 
on a single primary ending. B. 
Shows the effects of stimulating the 
same fusimotor axons as in A.\ but 
acting on a different primary ending. 
Gamma 1 is again dynamic and y2 
static, but whereas yl biases the pri-
mary in A, it drives the primary! in " 
at 1 : 1 . Subsequent histological anal-
ysis indicated that the static y sup-
plied the bag : and all the chain fibers 
of one pole in A but only the chain 
fibers of one pole in 8; the dynamic y 
supplied one pole of the bag, fiber in 
each case. C. Shows the effects of 
stimulating the complete static input 
to a single spindle, which, on histo-
logical analysis, proved to be segre-
gated to the bag : and chain fibers, 
one of which possessed a long pole, 
y l and y2 were identified with 
axons that supplied one pole each of 
a bag: fiber. Note the biasing effect 
as in A. y3 was identified with an 
axon that supplied all the chain fi-
bers in both poles except for the sin-
gle long pole; this was supplied by 
the 0 axon. Note that both y3 and 
the P axon can drive the primary 
1 : 1 , and that when only a single 
chain pole is active, high rates of 
stimulation lead to preferential pri-
mary discharge at a scries of subhar-
monic (1 :2 , 1:3. 1 :4 , 1 : 5 ) frequen-
cies. (Banks.15* Reproduced by per-
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. axon under these conditions activates the bag; fiber, chain 
fibers (long chain only if static f3), or both, and again there 
is an increase in the static firing level and the initial burst is 
1 abolished. In this case, however, the slope of the dynamic 
', response is usually unaffected so that, although the actual 
dvnamic response remains constant during static stimula-
tion, the dynamic index is usually reduced. The length sen-
' sitivity is variably affected, but when several static axons 
' are simultaneously stimulated it is generally in-
creased.1-11*4 
Some static y axons elicit 1:1 driving of the primary re-
sponse over a range of fusimotor stimulus frequencies, typ-
ically 50 to 100 Hz, whereas at higher stimulus frequencies 
very irregular, high mean frequency responses are pro-
duced. These effects are undoubtedly due to chain f i -
k e r s _ I : U . : O J p r ot)ably active alone.'3 9 Bag2 activity results in 
biasing of the primary response, but driving does not 
occur, even at subharmonic rates.' 3 9 , 2 0 3 According to 
Banks, 1-v' bag2 activity can partially or completely occlude 
the effect on the primary ending (though not the second-
ary) of simultaneous chain action in the same pole. 
The effects of static fusimotor stimulation on secondary 
endings are qualitatively similar to those on primary end-
ings, though driving does not usually occur. Dynamic 
axons rarely have any effect on secondary endings, reflect-
ing the relatively sparse supply of secondary terminals to 
bag i fibers. 
The behavior of the primary ending described above sug-
gests that it is measuring the length (length sensitivity), 
velocity (dynamic index), and perhaps acceleration (initial 
burst) of the muscle in which it occurs, and this interpreta-
tion is usually found in introductory accounts of the muscle 
spindle. If this were so, it would be a simple matter to de-
scribe the output of the primary ending mathematically by 
a iinear transfer function. 2 0 4 However, the sensitivity to ve-
locity declines rapidly with increasing velocity, 2 0 3 and lor 
large-amplitude stretches there is no particular response to 
acceleration.:o" Furthermore, the use of sinusoidal stretches 
has shown that the primary ending is about 20 times more 
sensitive to small-amplitude stretches (up to 0.1 mm for cat 
soleus)207 than to larger stretches. These complications 
make the fitting of a linear transfer function more difficult, 
though various attempts have been made, ranging from 
power functions 2 0 3 to a second-order relation. 2 0 9 
Nonlinear functions give better fits to the observed be-
havior, 2 1 0 but it seems necessary to suppose that there is 
more than one site of impulse initiation, such that their in-
dividual outputs may be variously summed or occluded. 
This phenomenon of pacemaker switching is to be expected in 
a branched axonal system.2 1 1 Evidence that it occurs in 
mammalian spindles was first presented by Crowe and 
Matthews;2 1 2 it has since been extended by Hulliger and 
Moth" 5 and has been modeled on the basis of an actual 
branching pattern by Otten et a l . " 6 
Input-Output Conversion 
How does the spindle transducer work, and what may be 
the cause of its nonlinearities? Hunt and Wilkinson 1 1 8 ana-
lyzed receptor potentials recorded from afferent axons 
whose impulse activity had been blocked with tetrodo-
toxin. The responses of primary and secondary endings 
were essentially similar, the main difference being the 
greater sensitivity of the primary endings. Moreover, the 
overall tension of these isolated spindles showed similar 
nonlineariries in response to sinusoidal amplitude and fre-
quency, as did the receptor potentials. 
The receptor potentials are generated mainly by an influx 
of Na" into the sensory terminals,11' and we have sug-
gested39 that the permeability of the Na + channels is af-
fected by an intracellular messenger (probably Ca 3 +) re-
leased from a bound state by the rise in cytoskeletal tension 
that accompanies bulk deformation of the terminals. As a 
first approximation, we may further suppose that the re-
ceptor potential is linearly related to the longitudinal ten-
sion through the terminals, this being locally modified by 
such elements as the elastic fibers that insert into the juxta-
equatorial regions of bag fibers, and thus differs, particu-
larly in phase, from the overall tension (see "Ultrastruc-
ture," under "Intrafusal Muscle Fibers," above). 
The principal cause of the nonlinearitics in the sensory 
responses may then be sought in the mechanical properties 
of the intrafusal muscle fibers on the basis of the cross-
bridge model of muscle activation, as has now been suc-
cessfully modeled by Schaatsma etal. 2 0 (For a counterargu-
ment see Kruse and Poppele2 1 2 j.) Cross-bridges may be 
regarded as elements of low compliance whose breakage 
under tension is manifested as viscosity. 2 1 3 , 2 1 4 The number 
of cross-bridges at any one rime will be a function of the 
rate at which they are being formed, the rate at which they 
spontaneously break, and the rate at which they break 
under tension. Each of these factors will have an associated 
time constant, the actual value of which will vary according 
to muscle fiber type, particularly in the case of the first two. 
The bagi fiber is especially interesting on account of its pe-
culiar properties, which include the presence of tonic myo-
sin, and the discrepancy between the locations of its motor 
endings and the convergent sarcomere movements seen 
during the stimulation of dynamic motor axons.131 If the 
bag|-fiber pole normally has a large number of cross-
bridges, activation may produce only a modest shortening 
restricted to the region with M-line sarcomeres, whereas 
the stiffness will increase. The time course of the shorten-
ing 1 2 0 may be much longer than that of the activation giving 
rise to i t 2 ' 3 because of series viscoelastic components. 
The prominent dynamic response of the primary is thus 
seen as a consequence of the stiffness of the bagi fiber. 
Exposure of potential cross-bridge sites by breakage of 
cross-bridges under tension will automatically lead to an 
increased rate of cross-bridge formation, recognizable as 
stretch activation, 1 4 3 , 2 1 4 that tends to maintain the muscle 
fiber stiffness. The importance of stretch-activation in the 
generation of the dynamic response is, however, still de-
bated. At the peak of a ramp stretch, the longitudinal ten-
sion in the primary terminals on the bag) fiber may fail 
abruptly, perhaps aided by the effectively in-parallel elastic 
fibers, to be followed by the compensatory length change 
("creep" 1 1 2 , 2 1 7) with a longer time course. As the output of 
the terminals on the bagi fiber falls below that of the termi-
nals on the bagi and chain fibers, the common pacemaker 
becomes predominantly influenced by the latter. 
The mechanical properties of chain fibers are diametri-
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cailv opposed to those of the bagi fiber in that thev show 
kick of stiffness, low viscosity, and rapid overt contraction. 
Thev can be accounted for by assuming that chain fibers 
have a small number of cross-bridges with a rapid turnover 
as a result of a high rate of spontaneous breakage. Static 
fusimotor activation leads to shortening of the chain fiber 
poles with little, if any, increase in stiffness. Because of the 
lack of viscosity, small fluctuations in polar length are read-
ilv transmitted to the equatorial region and the primary re-
sponse can be "driven" at the static fusimotor stimulation 
rate over a wide range of frequencies.I2'J-
Reinnervation and Recovery 
Despite the obvious importance of the muscle spindle as a 
proprioceptor, studies of its reinnervation and recovery 
after nerve injury were hampered for a long time bv insuffi-
cient knowledge of the normal receptor. Since this began to 
be significantly advanced in the seventies, there have been 
numerous studies, including those concerned with reinner-
vation and recover,' after ischemia. 
The reinnervation of skeletal muscle that follows nerve 
crush results in restoration of function to the sp!ndlos" ls-" ls 
and complete recovery of stretch reflexes, such as the knee 
jerk. : :" Recordings of the responses of regenerated spindle 
afferents to ramp-and-hold stretch, and to fusimotor stimu-
lation, show that thev eventually return to normal, though 
during the early stages of recovery many of the afferents 
respond onlv phasicallv•,:l^'•21', probably because of a tem-
porary increase in pacemaker thresholds. : i" Histological 
observations have established that both primary and sec-
ondary endings are restored to their normal sites in the 
spindles, though their axons regenerate more slowlv than 
those involved with the motor reinnervation and 
some secondaries show signs of growth through the pri-
mary region apparently designed to establish terminals in 
the opposite pole.—'1 
The primary endings that regenerate after nerve crush 
are shorter than normal and have fewer transverse terminal 
bands around the nuclear bags."4 Even when the interval 
between nerve crush and the beginning of reinnervation 
(the denervation period) is reduced to a minimum, the re-
generated primary endings are shorter and have about half 
the normal number of transverse bands."3 If the nerve 
crush is repeated at intervals so as to prolong the denerva-
tion period up to a maximum of 134 days, the bands be-
come increasingly replaced by tapers, and spirals become 
increasingly restricted to chain fibers. 2 3 6 Remarkably, most 
of these abnormal endings are capable of giving a normal 
pattern of response to ramp-and-hold stretch. Barker et 
al.—6 found that even after a denervation period of 134 
days, 73 percent of the regenerated primaries responded 
normally. These endings had virtually no banding and 
were restored to severely atrophied spindles in which the 
periaxial space was greatly reduced or absent. This finding 
has favorable implications for a patient who has suffered 
injury to a limb nerve, since the average delay between in-
jury and recovery in such cases is 91 days after crush and 
112 davs after section and suture.—7 The effects of such 
denervation periods on the spindles would be unlikely to 
aiieci the pattern of the response to stretch of anv primary 
or secondary afferents that succeeded in reinnervating 
them, though the quality of their response might be im-
paired. It seems inevitable that the greatly reduced endings 
that form after such denervation periods should be less 
sensitive to minute stretches than normal endings. Scott"* 
has recently shown that the overall action of their dynamic 
system is depressed compared with normal. 
The afferent reinnervation of spindles after nerve crush is 
highly specific, since most of the endoneurial tubes are left 
intact and guide the regenerating axons back to their origi-
nal sites of termination. But after nerve section, any type of 
muscle afferent may presumably participate in spindle rein 
nervation, and this raises the question of whether nt nspe-
citic afferents can do so successfully and be distinguis led in 
anv way from specific afferents. During the eighties, these 
problems were addressed bv Munson and his col-
leagues"""""'1 and Barker and his colleagues"'2"2"5" in paral-
lel studies on cat hindlimb muscles that used different ap-
proaches but reached similar conclusions. Munson and his 
colleagues recorded the presence or absence of field poten-
tials generated in the appropriate motoneuron pool fcy acti-
vated stretch afferents; they concluded that random popu-
lation of both specific (la, spindle II) and nonspeei ic (lb) 
afferents reinnervate spindles after nerve section.2"11 Banks 
and Barker-"1 devised cross-union experiments in which 
nonspecific afferents (lb, free-ending, pacinian, cuta.icons) 
were given the opportunity of reinnervating spindles in the 
absence of their specific afferents. They also found that lb 
afferents could reinnervnte spindles. Thev showed that 
these afferents could form endings in sites originally occu-
pied by the terminals of la or spindle II afferents and re-
spond to stretch like normal la and spindle II afferents. 
Cross-unions between cutaneous and muscle nervei' 
showed that free-ending afferents, which are cbmr^ion tc 
both, can also reinnervate spindles. Thev do so by branch-
ing extensively and terminating within the axial sheath. 
Spindles reinnervated after such cross-unions gave highly 
abnormal phasic responses to stretch. 
There has been no detailed study of the motor reinnerva-
tion of spindles after nerve section, though it is known that 
functional fi and y axons are r e s t o r e d , a n d thr t the /3 
reinnervation is established before the y after both crush 
and section. : i s : : 3 Brown and Butler21* found that /p axons 
occurred more frequently than normal in peroneus 
after nerve section, but Scott 2 J a reported that there 
increase after nerve section in the normal proportion of (3 
axons supplied to peroneus tertius. It may be that since P 
axons arrive back at the spindle earlier than y axons, they 
are able to acquire a larger share of the motor innervation. 
This would account for Banks and Barker's2*4 obse rvation 
that pi plates occurred frequently in peroneus brevis spin-
dles after nerve section, whereas p? plates were only rarely 
seen. They were unable to find any functional dynamic y 
axons, despite making a specific search for them. 
Quantification of the afferent reinnervation of spindles 
that occurs following nerve section does noLeneouragethe 
expectation that a good quality of proprioceptive feedback 
is likely to be restored. After section and microsutu re^ of the 
musculocutaneous common peroneal nerve. Banks and 
longus 
was no 
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Barker2-4 found that 21 percent of spindles (»i = 139) in cat 
peroneus brevis were reinnervated by la afferents and 20 
percent bv lb afferents. Following partial section involving 
muscle nerves only (those to peroneus brevis and tertius), 
27 percent of spindles (n = 109) were reinnervated by la 
afferents and 20 percent by lb afferents. As compared with 
the estimated normal afferent innervation of these spin-
dles, the deficits in reinnervation by la and spindle II affer-
ents were 79 percent la and 86 percent II after complete 
section, and 73 percent la and 56 percent II after partial 
section. The appropriate afferent reinnervation of spindles 
is further reduced when grafts are used to repair nerve in-
juries. Barker et al . 2 3 4 , 1 found that after graft repairs of 10 to 
15 mm defects in the nerves to cat peroneal muscles, resto-
ration of la endings to spindles averaged from 3 to 15 per-
cent. Despite fair motor recover)', application of small-
amplitude vibrator)' stimulation in decerebrate prepara-
tions showed that the monosynaptic (la) stretch reflex was 
absent in peroneus brevis after same-nerve autograft re-
pair. This was attributed to insufficient la endings and mis-
matched, but functional, afferent reconnecrions. Against 
this background it has to be said that the chances of good 
afferent control of skeletomotor functions being restored 
.liter nerve section are remote. Indeed, in human terms it 
can be argued that the limb that is accidentally severed 
from an adult is best not reunited with its owner but re-
placed artificially. 
The prolonged period of ischemia that follows the devas-
cularization of a muscle results in the degeneration of all 
e\cept the most superficial muscle fibers. Repair and recov-
ery are achieved as revascularization occurs and muscle fi-
bers regenerate. During these events the basal laminae of 
the muscle fibers remain as intact tubes within which satel-
lite cells become activated and develop into myoblasts and 
myotubes. Similarly, though there is intramuscular degen-
eration of motor and sensory axons and their endings, the 
endoneurial tubes are left intact and serve to direct neural 
regrowth along the original pathways. Details of these pro-
Icesses as they occur in muscle spindles have been described 
'by Rogers and Carlson,2 3 9 Rogers,240 and Diwan and Mil-
iburn" (see review by Barker and Milburn 2 "). Since regen-
erated spindles vary considerably in structure and innerva-
tion, Diwan and Milburn 7 3 classified them into four groups 
according to degree of abnormality. Afferents establish ter-
minals on intrafusal muscle fibers in groups 1 to 3 but not in 
group 4, which includes spindles that consist of encapsu-
lated extrafusal-type muscle fibers. The differences be-
tween the regenerated spindles are the outcome of the rein-
nervating axons arriving back at different stages during 
intrafusal myogenesis. 
: Barker and Scott2 4 2 investigated the sensory reinnerva-
tion and recovery of regenerated spindles in cat extensor 
digitorum longus at various times following its devasculari-
zation. They estimated that about half the original spindle 
population (53 to S3, mean 69) was lost owing to persistent 
ischemic necrosis, that 30.percent regenerated and acquired 
functional afferent connections, and that the total loss of 
spindle afferents was over 60 percent. Most of the afferents 
(88 percent) that reinnervated group 1 to 3 spindles re-
sponded normally to ramp-and-hold stretch, although their 
firing rates were lower and the terminal bands in their pri-
mary endings were reduced to 70 percent of normal. In 
other experiments on this muscle,2 4 3 the vascular supply 
was left intact, but its nerve and tendons were cut and mi-
crosutured, thus creating an orthotopic muscle graft. Re-
covery was compared with that in other experiments in 
which the muscle had been subjected either to 1.5 h warm 
ischemia or to 4.5 h cold ischemia while being maintained 
at 4"C. The intention in the former case was to reproduce 
the clinical conditions obtaining during an average muscle 
transplant operation and in the latter case to reproduce the 
conditions that obtain after the total or near total amputa-
tion of a limb and its subsequent reimplantation. In both 
cases it was found that the periods of ischemia had no sig-
nificant effect on the quality of recovery compared with that 
following section and suture of the nerve and tendons 
alone. In all three cases, about 63 percent of the spindles 
were reinnervated by afferents that formed annulospiral 
endings. Physiological tests showed that 75 percent of the 
functional afferents responded normally to muscle stretch 
and that static and dynamic y efferents were also func-
tional. 
Autonomic Innervation 
For many years it was widely held that skeletal muscle f i -
bers are not innervated by sympathetic axons. It was ac-
knowledged that such axons enter muscle spindles, but 
opinion was divided as to whether they supplied a vascular 
or nonvascular innervation. In 1981 Barker and Saito14 
demonstrated unequivocally that an autonomic innervation 
is distributed to some extrafusal muscle fibers and that it 
also has a nonvascular presence in some spindles. Earlier 
claims made in favor of an intrafusal autonomic innervation 
by Banker and Girvin2 4"1 and Santini and Ibata 2 4 3 were thus 
substantiated and an observation by Ballard2 4 6 confirmed. 
Barker and Saito14 made most of their observations on cat 
hindlimb muscles deprived of their somatic innervation by 
degenerative spinal-root section and then prepared for 
fluorescence, silver staining, or electron microscopy. They 
found that autonomic axons were not supplied to all spin-
dles; in the muscles sampled, the proportion of spindles 
receiving autonomic axons was highest in the lumbricals 
(65 percent) and lowest in peroneus brevis (8 percent). Au-
tonomic axons were absent from 18 tendon organs exam-
ined. Fluorescence microscopy revealed a noradrenergic 
innervation distributed to some spindles by axons supplied 
either through the spindle nerve or from nearby perivascu-
lar nerves, which they left to enter the equatorial and polar 
regions at various points. Branches of perivascular axons 
were also occasionally seen ending among extrafusal mus-
cle fibers (Fig. 11-14). It was impossible to determine 
whether any noradrenergic axons were exclusively distrib-
uted to spindles or extrafusal muscle fibers. 
On the basis of the vesicle content of varicosities exam-
ined by EM, the extrafusal innervation was identified as 
noradrenergic (32 axons traced) and the spindle innerva-
tion as involving noradrenergic, cholinergic, and nonadre-
nergic axons (14 traced). Varicosities were located within 
the capsule lamellae, inside the periaxial space, and in neu-
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due to a direct effect on the afferent axons or endings. We 
FICLRE 11-1-1. Schema o f t he n o r a d r e n e r g i c a u t o n o m i c i n n e r v a -
t i o n of cat ske le t a l m u s c l e . T h e d i s t r i b u t i o n o f the va r i cos i t i e s ot 
( w o n o r a d r e n e r g i c a x o n s is s h o w n . N o t e va r i cos i t i e s a m o n g b o t h 
i n t r a - a n d e x t r a f u s a l m u s c l e f i be r s as w e l l as those K i n g b e t w e e n 
a r t e r i o l e a n d m u s c l e f i b e r , a = a r t e ry ; a" = a r t e r i o l e ; caps . = cap-
su le : e x . m . f . - c x t r a f u s a i m u s c l e f ibe r s ; i n . m . l . = i n t r a f u s a l m u s c l e 
f i b e r s : m . s p . = m u s c l e s p i n d l e : sp .c . = s p i n d l e c a p i l l a r ) ' ; 
s p . n . = s p i n d l e n e r v e ; t . o . = t e n d o n o r g a n . iBiirkcr i i m / Siiilo.1'' 
Rq'rcdiiCt'ii bv fKrmiiiion.) 
roeffective association with intrafusal muscle fibers (with-
out preference for fiber type) in regions B and C. 
In a studv of rat deep masseter. Barker and Saed2''' found 
that about 30 percent of its spindles received an adrenergic 
innervation. It was always located equatorially within the 
capsule wall and usually originated from adjacent perivas-
cular axons. Barker and Saed estimated about 40 percent of 
masseter extrafusal muscle fibers were adrenergically in-
nervated, compared with 55 percent in anterior digastric. 
have some unpublished evidence in favor of this in the 
form ot a typical autonomic varicosity lying close to a node 
of Ranvier on a spindle secondary afferent. J 
Somewhat later (8 to 15 s in rabbit jaw muscles,24* a few 
seconds in the cat hindlimb-' 1), a weak excitation is shown 
bv some spindle afferents. This is now recognized byjall the 
investigators to be due to a direct effect on the intrafusal 
muscle fiber.—"'1 It is simultaneously accompanied by a de-
velopment of tension in the rabbit jaw-closing muscles, 
maximally 5 k . 2 " 1 Passatore et a l . 2 3 2 attribute this as bein? 
mainly due to intrafusal contraction, but it seems most un-
likely, on the basis of studies on isolated spindles,1!12 t n , l t 
the number of intrafusal muscle fibers present in rabbit jaw-
muscles could produce tension of that order. | 
In the curarized cat hindlimb a reduction in the A/3 com-
ponent of the compound action potential produced bv 
stimulating the cut sciatic nerve at increasing frequencies 
was attributed by Grassi et al. 2" J to collisions caused' bv ex-
citation of secondary endings arising from sympathetically 
activated intrafusal fibers. However, Petit et a l . 2 5 4 were able 
to show that this was an artifact and that sympathet c stim-
ulation had no detectable effect on the A/3 wave. 
On prolonged stimulation, the direct intrafusal excitation 
is transitory and is followed after about 30 s by a second 
excitation of vasomotor origin.2""0 Hale ot a l . 2 0 3 and Hale 
and Kidd,2"" using a preparation in which the rat's tail was 
maintained independently ot its blood supply, found that 
reflex sympathetic activity, induced by carotid occh sion or 
nitrogen breathing, led to a long-lasting increase in he reg-
ularity and firing frequency of spindle primary nfferents2"" 
and that supervision with adrenaline produced a similar 
excitation that lasted as long as the adrenaline was pres-< 
ent.2""3 The transitoriness of the early excitation se^n in call 
spindles by Hunt et a l . 2 3 0 could thus be a further conse-
quence of vasoconstriction. However, all these effects are 
very weak and unlikely to be functionally significant. Hunt 
et a l . 2 5 d looked for an antifatigue effect of sympathetic stim-
ulation on intrafusal muscle fibers comparable with the 
classical Orbeli effect on extrafusal muscle fibers, jbut one 
was not clearly present. The significance, if any, of intra-
fusal autonomic innervation thus remains to be elucidated. 
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Intrafusal motor innervation: a quantitative histological 
analysis of tenuissimus muscle spindles in the cat 
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A B S T R A C T 
A quantitative analysis of the motor innervation of intrafusal muscle fibres is described, based on leased 
silver-impregnated spindles of the lenuissimus muscle of the cat. Included in the analysis are the number and 
distribution of intrafusal branches of both skeletofusimotor (P) and purely fusimotor (y) axons, and the 
form of their endings. The number of axonal branches per spindle was found to follow binomial probability 
distributions, as had previously been shown for the afferent axons. There was a strong correlation between 
the numbers of y intrafusal branches and afferent axons, but none for the intrafusal branches of (3 axons. 
The degree of segregation of y input to bag2 and chain fibres was assessed and was found, among other 
things, to be related to the presence of secondary sensory endings in the same pole. In this and other 
respects it did not appear to have the properties that would be expected if independent activation of the 
bag2 and chain fibres were to be functionally important. Morphometric analysis of the motor endings 
supplied to bag, or chain fibres by y axons revealed some differences between those of intrafusal branches 
with segregated as opposed to unsegregated distributions, but this cannot be taken as evidence of more than 
one type of static y motoneuron because of the likely contribution of other influential factors such as fibre 
size. Finally, the relevance of studies on intrafusal motor innervation to the concept of the motor unit and 
its development are discussed. 
Key words: Fusimolor axons; skclelofusimolor axons: intrafusal muscle fibres; motor unit development. 
I N T R O D U C T I O N 
The almost invariable presence of 3 types of intrafusal 
fibre in mammalian muscle spindles stands in marked 
contrast to the highly variable pattern of their 
innervation (Barker & Banks. 1994). Indeed, virtually 
the only constant feature of the innervation is the 
primary sensory ending, which is usually supplied by 
a single group la axon. Secondary sensory endings, 
derived from group II axons, may or may not be 
present. Whether these additional aflerents occur in a 
particular spindle, and how many, appear to be 
randomly determined (Banks & Stacey, 1988). The 
imotor supply may be variously provided by: (1) 
iinoloneurons with an exclusively intrafusal distri-
bution, forming a distinct fusimolor or y system; (2) 
collateral branches of skeletomotor (a) axons, which, 
purely for convenience, we may continue to call the 
p supply (Banks, 1994); or (3) both y and P axons. 
Besides variations in their source of supply, the 
number of motor axons entering a spindle, and their 
precise intrafusal fibre distribution, may also vary. 
Functionally there are 2 classes of intrafusal motor 
action, defined as dynamic or sialic according lo their 
effects on primary ending responses to stretch (Mat-
thews, 1962). Each parent axon normally innervates 
several muscle spindles, and has the same functional 
effect on them all. Dynamic axons, whether y or p, 
invariably supply one type of intrafusal muscle fibre, 
the bag, (6,), whereas static y axons supply the 2 
remaining types, bag, (b.,) and chain (c) fibres, with a 
differentially distributed input related to axonal 
conduction velocity. At least in the lenuissimus and 
other hind limb muscles of the cat, static P axons 
selectively innervate c fibres, particularly the so-called 
long chain (Ic) fibres whose contractile polar regions 
extend well beyond the ends of the spindle capsule. 
Frequently, however, only one pole is long and 
B-innervated so Ic fibres should probably not be 
thought of as distinct from other, typical, c fibres. A 
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small, though not insignificant, proportion of (3 axons 
is distributed lo both /?, and Ic fibres in some spindles 
(see Banks, 1994, for a review on intrafusal motor 
distribution). 
This paper is complementary lo a recent study, 
based on physiological mapping (Banks, 1991A), on 
the distribution of static y axons within and between 
muscle spindles of the cat, which was itself a lest of 
Boyd's (1986) proposal that there are 2 types of 
static y motoneuron. These he called 'static bag 
y-motoneurons' and 'static chain y-motoneurons', 
supposing them always (though not exclusively) to 
supply or c fibres respectively. It was my conclusion, 
however, that the observed distribution of static y 
axons could be accounted for by a single population 
of motoneurons, though one that showed some 
evidence of differential distribution in relation to 
axonal conduction velocity (Banks. 1991 a). 
In that earlier study the interpretation of the 
physiological results was made possible by a cor-
related histological analysis, but the importance of the 
histological data as a whole proved to be such as to 
warrant their separate description and consideration. 
In particular, quantitative analysis of the histology 
revealed: (1) a correlation between the provision of 
fusimotor (y) and sensory innervation, but not 
between that of the intrafusal part of the skeleto-
fusimotor (G) supply and the sensory innervation; and 
(2) a relationship between the presence of secondary 
sensory endings and the degree of segregation of the 
static y supply within spindles. In addition to their 
relevance to problems of motor control the results 
illustrate the interplay of random and deterministic 
factors that may be presumed lo occur in the 
developmental construction of a spindle and, indeed, 
of motor units in general. 
The quantitative analysis also includes morpho-
metry details of the intrafusal motor endings, for 2 
reasons: first, since it was part of Boyd's (1986) 
proposal that the 'static bag' and 'static chain' 
y motoneurons show differences in details of their 
endplale structure; and secondly because the in-
formation was required to help to distinguish between 
the intrafusal branches of y and (3 axons. 
The possibility of regional variation in the pattern 
of innervation within a muscle, already attested in a 
study of the afferent supply (Banks & Stacey, 1990), 
indicates that more attention needs to be paid to the 
sampling of spindles lhan hitherto. Since one is loath 
to ignore hard-won data in order to obtain a random 
sample, the alternative, when possible, of complete 
analysis of whole muscles is more attractive. This has 
effectively been achieved for the first time in the 
present work for one muscle, designated C883. After 
an overall description of the intrafusal motor in-
nervation of this muscle, and a consideration of the 
significance of axonal routing and collateral branches 
to the problem of the identification of the B input, it 
is necessary for the logical development of the results 
to examine motor ending morphology in detail before 
turning to the correlative observations. 
Preliminary accounts of the work have already been 
published (Banks, 19916, 1992) and some of the 
results have been incorporated in a recent review on 
the motor innervation of the mammalian muscle 
spindle (Banks, 1994). 
M A T E R I A L S A N D M E T H O D S 
Most of the data presented below were obtained from 
the tenuissimus muscle of the left hind limbs of 4 adult 
cats (1.8-2.8 kg) of both sexes that had been used in 
acute physiological experiments. When necessary the 
muscles will be identified individually in this paper by 
the corresponding experiment, C637, C689, C700 
and C883. The physiological preparation has been 
Fig. I . Camera lucida drawings of a spindle (spindle 7. experiment C883), to illustrate the interpretation of leased silver-impregnated material. 
(A) Overall view of the spindle and its nerve supply. Much of the curvature in the specimen is artefactual. ( f l ) Enlarged view of the large 
box in (A) showing the entire innervated portion of the spindle. The somatic motor supply was provided by not more than 6 axons, only 
I of which was identified as purely fusimotor (y). In addition to the somatic sensory and motor axons, each pole was traversed by a branch 
of an unmyelinated axon, probably sensory, that was principally distributed cxtrafusally. (C) Enlarged view of the large box in (B) to show 
the bag, (upper) and bag, and chain (lower) portions of the primary sensory ending, including the preterminal branches of the la axon. The 
bag fibres can be traced individually throughout the length of ihe spindle and. as here, are usually identifiable in this rcgionTSensory terminals 
sire more closely spaced on bag, than bag.,, and are separately supplied by I of the 2 main divisions of ihe la axon. (D) Enlarged view of 
Ihe small box in (A) to show the division of ihe single (static) y axon into branches that entered ihe proximal and distal poles along with 
the II and la aflerents respectively. Other motor axons present here are nol shown. (E) Enlarged view of the small box in B to show the 
division of each of 2 parent motor axons into an intrafusal and an extrafusal branch thus providing clear evidence of their skclclofusiniotor 
(P) nature. Bar: (A) 500 urn, (B) 200 um, ( C ) (D) 100 uni, ( £ ) 50 um. la, group la afferent axon from primary sensory ending; II , group 
II afferent axon from secondary sensory ending; |3, branches ofskelelofusimotor axons; y, a fusimolor axon and its branches; b v bag, fibre; 
fe,br, preterminal branch of la afferent supplying the bag, fibre exclusively: b... bag, fibre: 6,cbr. preterminal branch of la afferent supplying 
the bag, and chain fibres; brn. branching node of Ranvier: cap. spindle capsule; cf. exirafusal fibres; k, long pole of chain fibre; ncf. nerve 
to extrafusal fibres: P, primary sensory ending; pax.sp, periaxial space between capsule and intrafusal fibres; S,, secondary sensory ending; 
ua, unmyelinated axon. 
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described elsewhere (Banks, 1991 a). At the end of each 
experiment, the muscle was removed post mortem and 
processed by silver impregnation according to a 
modified Barker & Ip method (Barker el al. 1985). 
The spindles were subsequently teased from the 
muscle, whenever possible in continuity with the 
intramuscular nerve. The nerve was also removed in 
its entirety so as to preserve the relative locations of 
the spindles, and to provide the maximum opportunity 
for tracing individual axons. 
In those parts of the analysis relating to the degree 
of segregation of the static y distribution, additional 
data were included in order to increase sample sizes 
for statistical tests. The data were derived from 
previously published spindles that had been recon-
structed from serial 1 um transverse sections. Only 
complete spindles whose innervation, including 
afferents, was fully characterised could be used. Those 
satisfying this criterion were published by Banks 
(1981; G S 6, 9 & 12) and by Kucera et al. (Kucera & 
Hughes, 1983, figs 3, 4; Kucera, 1984, fig. 1; Kucera 
et al. 1984, fig. 1). 
An example of the analysis of the teased spindles 
It will be sufficient to illustrate the analysis of the 
whole-mount preparations with one spindle, so as to 
demonstrate the confidence that can be placed in the 
methods used in axonal tracing and recognition of 
intrafusal fibre types. The spindle selected for this 
purpose was the 7th in proximal-to-distal sequence 
from muscle C883. In this, as in silver-impregnated 
spindles generally, it was possible to identify the 3 
types of intrafusal muscle fibre by details of the 
primary sensory ending (Banks et al. 1982), and by 
differences in polar length and diameter. The dis-
tribution of elastic fibres, which are predominantly 
associated with b2 in the extracapsular polar regions 
(Gladden, 1976) provided additional evidence. In-
dividual bag fibres were traced from end to end, 
whereas chain fibres were not, not least because they 
were considerably kinked immediately distal to the 
sensory endings, as is usually the case. However, in 
locating motor nerve endings, there was no doubt as 
to the identification of a chain fibre. Both proximally 
and distally in spindle 7, C883, one chain fibre pole 
was much larger than those of the other chain fibres, 
and was similar in length and diameter to the bag fibre 
poles. Each was therefore identified as belonging to a 
long chain fibre (Barker et al. 1976A; Kucera, 1980). 
It was not clear whether they were the 2 poles of a 
single fibre, though this is entirely possible since the 
earliest chain fibre to be formed in development lends 
to be the longest (Milburn, 1984). Some of the 
features described above are shown in camera lucida 
drawings of the preparation (Fig. 1 A - C ) . 
Spindle 7, C883, was close to the point of entry to 
the muscle of the main tenuissimus nerve and its 
branches: it was supplied separately from the other 
spindles by one of these branches, which also 
contained skeletomolor axons. For this and for other 
spindles whose silver impregnation was sufficiently 
good, motor axons with intrafusal branches were 
traced individually using the high resolution and 
narrow depth of focus provided by a x 100 oil 
immersion objective on a Nikon Optiphot. High 
power, detailed drawings were prepared of the motor 
innervation, omitting only long runs of unbranched 
axons (Fig. 2). Branching of motor axons in the nerves 
leading to the spindles normally occurs only at the 
points where the nerves themselves branch. In the 
example of spindle 7, C883, the single static y branch 
to each pole was traced back to a common parent 
axon at such a branch point (Fig. 1 D). In some cases, 
intrafusal motor axons could be traced to parent 
axons that also sent branches into nerves apparently 
with an exclusively extrafusal distribution, and thus 
provided strong evidence of P innervation. In C883 
spindle 7, there were 2 such examples, both in the 
proximal pole (Fig. I E) ; each supplied the ft, fibre, but 
1 supplied a Ic fibre in addition. 
The criteria used in the morphometry of the motor 
endings, that is to say the neuronal part of the 
endplates, followed those of Banks et al. (1985). Data 
were collected on lengths (L) and total terminal and 
preterminal lengths (PTL) of the endings as defined in 
that paper. 
R E S U L T S 
General features relating to the number, arrangement 
and motor innervation of the spindles in a complete 
tenuissimus muscle, CS83 
It was possible to carry out a virtually complete 
analysis of 1 muscle, from which only a small distal 
portion was missing, by virtue of the high, and 
unusually even, quality of its silver impregnation. It is 
convenient first to deal with some general features of 
its organisation, which will help to place the later 
detailed description in an overall context. The muscle, 
C883, contained 19 spindles. In the following 
description they are identified sequentially by number, 
beginning at the proximal end of the muscle. Each 
spindle contained I bt, 1 b2, and probably 2-5 c fibres 
CVV units), except spindles 3 and \9b both of which 
lacked a ft, fibre (ft,c units). Spindle \9b formed the 
156 R.W.Banks 
smaller of 2 units (19a and b) linked in tandem by a 
continuous b, fibre. In several spindles (1, 2, 5, 6, 7,9, 
10, 14) I or 2 of the c fibres possessed a long pole. 
The nerve subdivided before entering the muscle to 
form 4 separate intramuscular divisions: a small 
proximal trunk that innervated spindles 5 to 1 together 
with the proximal tendon, including a tendon organ; 
a large distal trunk that innervated spindles 8 to 19 (a 
and b); and, located between the points of entry of 
these trunks into the muscle, 2 very small nerves that 
provided isolated inputs to spindles 6 and 7. The 
arrangement is shown schematically in Figure 8 of 
Banks (1991a). 
The spindles received a total of 118 motor axonal 
branches, 115 of which were traced to ft, (45), ft,/c (1), 
Ic (9), ft2 (19), V (23), or c (18). The destinations of 
the remaining 3 branches are unknown since the pole 
they supplied in spindle 11 was not recovered. The 
number of branches to individual spindles ranged 
from 2 to 10, with a mean of 6.4 for the single ft,ft2c 
units, or 6.2 overall. These are maximum values since 
apparently separate intrafusal branches innervating a 
single spindle may have been derived from the same 
parent axon within the nerve trunks. This was perhaps 
especially likely when the branches entered the spindle 
through different routes. 
Nature of the supplying axons, C883 
Skeletofusimotor (B) innervation of ft, and c fibres 
(other than long c poles) in the cat is acknowledged to 
be rare by all authors of relevant studies (see review by 
Banks, 1994), thus the parent axons of virtually all the 
intrafusal branches supplying bt and typical poles of c 
fibres in C883 may be safely identified as purely 
fusimotor (y). Conversely, B axons seem to be the 
usual, if not completely exclusive, source of endings 
on the long poles of c fibres. Although the criteria for 
identification of long poles are necessarily different in 
teased material from those used in serial section 
studies, the motor endings on such poles may be safely 
identified as those of P axons. Motor branches 
supplying the ft, fibres, however, present a problem of 
identification in that bl fibres are commonly inner-
vated by both B and y axons. 
In order to resolve this problem, it may first be 
noted that the intrafusal motor branches approached 
their spindles either in association with the afferent 
axons or in separate fine nerves. The latter sometimes 
contained only a single axon, and were derived from 
larger nerves with an otherwise exclusively extrafusal 
distribution. It seems likely that these separate inputs 
usually carry branches of B axons, though in the 
teasing process such fine nerves inevitably break off 
rather close to the spindle, and therefore the origin of 
the branches cannot be established with certainty. 
Of the 60 intrafusal branches that supplied the ft, 
and typical poles of c fibres, either separately or in 
common, 57 could be shown to approach the spindles 
in association with afferent axons. One of the 
remaining 3 contributed to 2 small endplales, each 
29 urn long, in the distal pole of the ft2 fibre of 
spindle 14. It is quite possible that this was a 
rare example of P innervation of a ft, fibre in a cat 
spindle. The 2nd also provided 2 endings to a b.2 fibre, 
in this case in the proximal pole of a b2c unit, spindle 
3. The endings were 50 and 107 um long, the larger of 
these being well outside the range of size of p, plates 
of Banks et al. (1985). In itself this is not sufficient 
evidence to deny the possibility that the endplates 
were supplied by a P axon, though it seems unlikely. 
The 3rd branch provided the entire static input to the 
distal pole of spindle 16. In company with 2 branches 
that supplied the ft, fibre, it could be traced to a nerve 
whose distribution undoubtedly included extrafusal 
fibres, but not into the nerve containing the afferent 
axons. In this case, however, there was physiological 
evidence (Banks, 1991 a) that it was the branch of a y 
axon. 
In contrast, there were 55 intrafusal motor branches 
that supplied the ft, and long poles of c fibres, and 19 
of these (14 to ft,, 5 to Ic) entered their spindles 
separately from the afferent axons. Moreover, the 
larger, and therefore more robust, nerves that con-
tained the afferent and much of the efferent inner-
vation of the spindles often gave rise to branches 
with otherwise purely extrafusal distributions. In 
some of these instances, parent motor axons were 
found with branches both to the spindles and to the 
extrafusal nerves. Within the limitations of the 
technique, therefore, these may be positively regarded 
as p axons. There were 6 such parental axons whose 
intrafusal distribution could be confirmed, and all 
supplied ft, and Ic fibres or both (4 to ft,, I to ft,/c, 
1 to Ic). 
If dynamic y axons were present in C883 they would 
most probably have been represented among the 
remaining 27 intrafusal branches to ft, fibres that 
entered their spindles in association with afferent 
axons but did not send daughter branches into 
extrafusal nerves. The endings of this group of axons 
would then be enriched with p 2 plates, relative to 
those of the axons that either had branches in 
extrafusal nerves or that entered their spindles 
separately from the afferent innervation. The possi-
bility will be further examined in the following section. 
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Table 1. The numbers of intrafusal motor-axon branches and their endings supplied to all complete b,b2c single-unit spindles in 
a lenuissimus muscle of the cat (C8S3) 
Distribution '>• Ic h. b.,c c Total 
No. of axons 41 1 9 17 19 15 102 
No. of endings 57 3 12 35 94 53 254 
Mean no. of endings per axon 1.4 — 1.3 2.1 4.9 3.5 
In this and subsequent tables, r signifies typical poles of chain fibres. Ic signifies long poles of chain fibres. 
L PTL R 
Ic 
10 
20 
10 
0 
c of b-tc 
20 
10 
0 
conly 
20 
to 
o 
Oi only 
10 
b^ of btC 
10 
0 
100 200 300 400 300 6.0 2.0 3.0 4.0 5.0 1.0 200 0 0 120 160 80 40 
ixm ftm 
Fig. 3. Histograms showing the lengths (L) , total preterminal and terminal lengths (PTL). and ratio (R) of PTL to L of motor endings on 
the various types of intrafusal fibre. Data relating to endings on bag, fibres (ft,) and on typical poles of chain fibres (c) are separately plotted 
according to the intrafusal distribution of the supplying axons, whether segregated (b, only, c only) or unscgregated (h,, of b,c. c of o,c). 
6,, endings on bag, fibres; Ic. endings on long poles of chain fibres. 
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Table 2. Summary of morphometric data for 252 intrafusal 
motor endings of the cat lenuissimus (C883), classified 
according to parent axon distribution and arranged in order of 
increasing mean values 
Range Mean Median 
Length (L) (nm) 
Ic 17-46 25.3 22:0 
*. 9-105 35.9 32.5 
c (of bx) 8-206 44.3 37.0 
c (c only) 19-193 63.0 45.0 
b,, (b, only) 19-204 68.5 54.0 
hi (of h,c) 22-178 72.6 56.5 
Total preterminal and 
terminal length (PTL) (um) 
Ic 25-96 47.3 38.5 
c (of ) 19-331 89.0 76.0 
*. 13-287 96.6 83.2 
c (c only) 38-293 119.2 107.0 
A, (b. only) 32-586 159.9 127.0 
ft.] (oi" A.,c) 38-554 177.0 146.0 
Ratio (R = P T L / L ) 
/«• 1.18-2.63 1.88 1.87 
c [c only) 1.00-4.17 2.09 2.00 
c (of btc) 1.00-4.44 2.12 1.87 
1)., ( O f * . , ( ) 1.14-4.91 2.20 2.09 
1.11-5.51 2.62 2.40 
b, (b,, only) 1.09-5.22 2.76 2.78 
Table 3. Summary of the statistical analysis (ANO VA) of the 
logarithmically transformed morphometric data given in 
Table 2. Data are presented here after back-transformation 
95% confidence limits 
n Mean Lower Upper 
Length (L) (|jm) L 
Ic 12 24.0 13.6 42.5] 
ft. 58 31.2 28.8 33.8 | 
c (of 6,c) 52 36.6 30.3 44.3 J 
c (c only) 53 52.5 44.7 61.6] 
b, (b, only) 35 56.3 47.0 67.4 [ 
hi (of b,,c) 42 62.2 53.0 73.0 J 
Total preterminal and 
terminal length (PTL) 
(H"i) PTL 
Ic 12 43.4 30.3 62.21 
f (of b,c) 52 73.0 60.9 86.5/ 
ft. 58 77.5 66.0 91.8 
c (c only) 53 102.5 85.6 121.5 
b., (of b,c) 42 129.0 116.7 156.0 
b., ib,, only) 35 146.9 131.6 181.3 
Ratio (R = P T L / L ) R 
Ic 12 1.83 1.51 2.23 
c (c only) 53 1.98 1.80 2.18 
c (or b,c) 52 2.00 1.82 2.19 
b., (of b.,c) 42 2.07 1.87 2.30 
ft. 58 2.48 2.27 2.71 
b2 (b., only) 35 2.59 2.33 2.91 
Braces connect groups whose means do not differ significantly. 
Morphometric analysis of the intrafusal motor 
endings (C833) 
All endings. There were 16 single ft,ft2c units whose 
innervation was almost certainly complete. They 
possessed a total of 253 motor endings, 59 on ft,, 77 on 
ft2, 13 on long poles of c and 104 on typical poles of 
c fibres. Each was supplied by a single intrafusal 
motor branch, except for 1 of the c endings (in spindle 
8) that was supplied by 2. The mean numbers of 
endings per pole were thus: ft,, 1.8; ft2, 2.4; long poles 
of f , 1.2; and typical poles o f f , 0.8. For the typical 
poles of c fibres the value is only approximate, 
reflecting the uncertainty in the precise numbers of c 
fibres present. The quoted value corresponds to an 
average of 4.5 fibres per spindle, which is the total 
value including Ic fibres given by Kucera (1982). 
The numbers of motor axon branches entering 
these spindles are shown in Table 1, where the 
branches are classified according to their intrafusal 
fibre destinations. The total and mean numbers of 
their endings are also given, from which it may be seen 
that those branches distributed to both h., and c fibres 
supplied the greatest number of endplates both 
absolutely and per axon. 
Morphometric data from virtually all the endings 
were obtained for each of the 2 measurements of 
length (L), and total preterminal length (PTL), and 
for the ratio (R) of P T L / L . Two endings, I each on a 
ft, and a Ic fibre, were omitted due to poor silver 
impregnation, whereas the terminals of the 2 axons 
supplied to a single c endplate were accounted 
separately. The motor endings were divided into 6 
groups corresponding to the distributions of their 
parent axons: (1) all endings on long poles of f fibres, 
(2) all endings on ft, fibres, (3) endings of axon 
branches supplied exclusively to ft., fibres, (4) endings 
on ft., fibres of axon branches supplied to both ft2 and 
f fibres, (5) endings on c fibres of axon branches 
supplied to both ft2 and c fibres, and (6) endings of 
axon branches supplied exclusively to typical poles of 
f fibres. Since only a single intrafusal motor axon; 
branch supplied a ft, and an Ic fibre in common, its 
endplates were included in groups (1) and (2) as 
appropriate. 
The data are presented as histograms in Figure 3 
and are summarised in Table 2. In most cases the 
frequency distributions are significantly different from 
normal, often showing both skewness and kurtosis; 
therefore, in order to carry out the statistical analysis, 
the data were transformed logarithmically. This 
resulted in distributions that did not differ significantly 
from normal in all categories except that of length (L) 
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Table 4. Correlation analysis of the interrelationships between 
L, PTL, and Rfor intrafusal motor endings in cat tenuisshmts 
r P r 
Correlation of L and PTL 
Ic 0.8 < 0.01 0.64 
*. 0.84 < 0.01 0.71 
b, (b., only) 0.85 < 0.01 0.72 
b, (of b.c) 0.85 < 0.01 0.72 
c"(or/>/•) 0.88 < 0.01 0.77 
c (c only) 0.85 < 0.01 0.72 
Correlation of L and R 
Ic -0 .04 n.s. 0.002 
b, 0.13 n.s. 0.02 
b, (b, only) -0 .28 n.s. 0.08 
b~, (of 0.01 n.s. 0.0001 
c"(of/>.,i) -0 .22 U.S. 0.05 
c (c only) -0 .43 < 0.01 0.18 
Correlation of PTL and R 
Ic 0.54 n.s. 0.29 
*. -0 .15 n.s. 0.02 
b,, (b., only) 0.19 l i s . 0.04 
b\ (oi" b.,c) 0.44 < 0.01 0.19 
c~(ofb.,c) 0.17 n.s. 0.03 
c (c only) 0.03 U.S. 0.0009 
for endings of axon branches supplied exclusively lo 
typical poles of c fibres, which retained a small 
positive skew. One-way analysis of variance (ANOVA) 
revealed that highly significant differences existed 
between at least some group means for each of the 3 
parameters L , PTL and R. Since the number of 
groups (6) was very much less than the total number 
of endings (252) it was possible to assign standard 
errors and thus 95% confidence limits to the mean 
value for each group (Bailey, 1981). The results, after 
back transformation, are summarised in Table 3. 
Before attempting lo interpret these results it is 
necessary to examine the independence of L , P T L and 
R. Table 4 presents correlation coefficients for 
pairwise comparisons of the 3 parameters for each 
group. L and PTL are always highly correlated, 
sharing 64-77% of their variability in common, 
whereas neither L and R nor PTL and R are ever 
highly correlated, just 1 group in each case having a 
significant small correlation that amounted to 18% or 
19% of common variability. This result implies that 
parameters of size (L or PTL) and complexity (R) 
vary almost independently within each group, 
although in general, of course, they may not vary 
independently between the groups. 
It is now possible to make some comparisons 
between the various groups of endings. The following 
are particularly notable: (1) endings on bl fibres 
showed a unique combination of relatively small size 
and high complexity; (2) intrafusal motor branches 
distributed to both b, and c fibres had endings that 
were significantly larger, on average, on the b.2 fibres, 
but were of similar complexity on either type of fibre, 
(3) endings of axonal branches supplied exclusively to 
typical poles of c fibres tended lo be smaller 
(significantly so for P T L but not for L) and less 
complex than those of branches supplied exclusively 
to b.2 fibres; (4) endings on long poles of c fibres were 
the smallest and simplest on average, though the 
combination of small size and simplicity was not 
unique, being shared with c-fibre endings of axonal 
branches distributed to both c and b, fibres; (5) 
endings on fibres tended lo be large and complex, 
especially those of axonal branches supplied to b.2 
fibres exclusively. 
Motor endings on b, fibres. In a previous study 
(Banks et al. 1985) the endings of known (3 axons on 
ft, fibres were found by measurement of L and P T L to 
be indistinguishable from those of presumed p axons 
on Ic fibres, both types being similar to the p, plates of 
Barker et al. (1970). In differential degeneration 
experiments some intrafusal motor endings persisted 
Table 5. Morphoinetric analysis of the motor endings on b, fibres in a cat tenuissimiis muscle, CS83 
L (urn) PTL (urn) 
Range Mean Median Range Mean Median Range Mean Median 
(a) Comparison o r all endings on ft, fibres in C883 with those included in the study or Banks et al. (1985) 
C883 9-105 35.9 32.5 13-287 96.6 83.2 1.11-5.51 
Banks et al. (1985) 
Normal sample 
P, (P) 
P2 (Y) 
2.62 
13-107 
15-55 
21-115 
147.2 
79.7 
??2 ~> 
45.6 15-653 
36.1 20-150 
65.5 48-355 
(b) Comparison between endings on A, fibres in C883 grouped according to degree of axonal evidence for y supply 
Branch lo exlrafusai nerve 19-32 23.4 21.8 45-89 66.0 57.5 1.84-4.68 2.93 
Separate entry 10-105 38.8 36.0 19-261 107.2 108 1.23-5.51 2.78 
Remainder 9-83 37.5 36.3 13-287 99.1 89 1.11-4.80 j 2.48 
2.40 
2.61 
2.50 
2.31 
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Table 6. Distributions of intrafusal brandies of motor axons to temiissimus muscle spindles of 4 cats. Values in parentheses are 
the total numbers of intrafusal branches, when each spindle pole is considered separately, in those cases where single axons were 
observed to supply both poles of a spindle 
bx h,k lc ?6,6a 6 2 b,c c Tolal known Unknown Overall total 
(a) Number of branches 
C689 5 3 2 2 12 — 12 
C637 21 6 10 12 12 61 46 107 
C700 35 1 6 1 16 7 18(19) 84 12 96 
C883 45 (47) 1 9 18(20) 23 (26) 19(20) 115 3 118 
Total 106 2 21 1 47 44 51 272 61 333 
(b) Proportion of total known (%) 
C689 42 25 17 17 
C637 34 10 16 20 20 
C700 42 1 7 1 19 8 21 
C883 39 1 8 16 20 17 
Mean 39 0.5 6 0.25 19 16 19 
Total sample 39 1 8 <0 .5 17 16 19 
longer than extrafusal or p, plates and were therefore 
presumed to be derived from y axons. Those on the bx 
fibres were significantly larger than p, plates (Banks 
et al. 1985) and were identified with the p.2 plates of 
Barker et al. (1970). 
The endings on bl fibres from C883 entirely 
encompass the range of size of the p, plates of Banks 
et al. (1985) and extend well into the range of the p, 
plates. However, as shown in Table 5(a), the mean 
values of L and P T L are very much closer to (in the case 
of L virtually indistinguishable from) those of the pl 
plates than they are to those of the p., plates or the 
normal sample of Banks et al. If any dynamic y axons 
had been present, and the arguments presented above 
are correct, their intrafusal branches would most 
likely have accompanied the afferent axons into the 
spindles and they would not, of course, have had 
branches into extrafusal nerves. The b, endings may 
thus be grouped on axonal criteria into 3 subclasses 
with different possibilities of (J involvement: those 
whose axons also branched to supply extrafusal 
nerves; those whose axons entered the spindles 
separately from the afferent axons; and the remainder, 
i.e. those whose axons entered the spindles with the 
afferent axons but were not observed to branch into 
exlrafusal nerves. The data are given in Table 5(b). 
ANOVA (modified when necessary for unequal 
variances; Sokal & Rohlf, 1981) of the logarithmically 
transformed data revealed only 1 significant differ-
ence (P < 0.05), namely that, as measured by L, the 
endings of the 1st subclass were smaller than those of 
the other 2. Indeed, by this measure they were smaller, 
on average, than the p, plates of known P axons 
(Banks et al. 1985) and were as small as the endings on 
long poles of c fibres (see Table 2). Nevertheless, like 
the whole ending population in C883, they were 
significantly (P < 0.01 for difference in R) more 
complex than the Ic endings. 
The 2nd and 3rd subclasses of bl endings were 
remarkably similar in all respects (Table 5(b)), so there 
was nothing to suggest a relative enrichment of the! 
3rd subclass by the larger p, plates that would have 
been expected if dynamic y axons had been present. 
Moreover, in both cases the mean values of L and 
P T L remained close to those of the p, plates of Banks 
et al. (1985). It seems likely, therefore, that the bx 
supply in C883 was dominated by, if not exclusively 
derived from, p axons. 
Numbers ami distributions of intrafusal branches of 
motor axons in the complete sample of 4 muscles 
Altogether, 333 intrafusal branches of motor axons 
were found to enter 47 spindles, including 3 b.,c units, 
of 4 tenuissimus muscles, each from a different cat. 
The distributions were established for 272 of the 
branches and are given in Table 6. Only 10 (4%) were-
found to supply more than 1 pole, mostly in C883, 
which reflected the better quality of staining in this 
case. For the different muscles,.; the proportion of 
branches with known distribution that supplied ft, 
alone was fairly constant (34—42%) as was the 
proportion that supplied ft, and typical poles of c 
fibres either alone or in combination (48-59%, mean 
54%). Most of the remaining branches (8% of total) 
innervated long poles of c fibres exclusively. Combin-
ations other than btc were rare, amounting to just 1 % 
of the total branch distributions, specifically ft,/c (2 
branches) and ?ft,ft2 (1 branch). The uncertainty in the 
last example is due to the presence of 3 bag fibres in 
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all single units, n = 47 (a) or 38 (b and c) A/Aic units only, n =. 44 (d) or 35 (e and f) 
(a) all axons 
10 
S 6 
t 
3 4 
binomial 
n = 11. P = 0.64 
X 2 = 5.48 
for 2 
0 I 2 3 4 5 6 7 8 9 10 I I 12 13 
no. of axons 
(b) possible or definite y axons to bt. b, and c fibres 
10 
binomial 
n = 12. P = 0.34 
X 2 = 4.00 
for2d.f . N.S. 
no. of axons 
(c) definite y axons to A_> and c fibres 
I I 
binomial 
n = 8. P = 0.47 
X 2 = 0.33 
for I d.f. N.S. 
0 1 2 3 4 5 6 7 
no. of axons 
(d) all axons 
10 
'i 6 g 
' J P. 4 
binomial 
n = 15. P = 0.49 
X 2 = 2.25 
for 3 
0 I 2 3 4 5 6 7 8 9 10 I I 12 13 
no. of axons 
(e) all axons to bt and Ic fibres 
10 
I I I 
binomial 
n = 8. P = 0.41 
X 2 = 2.36 
for I d.f. N.S. 
0 1 2 3 5 6 
no. of axons 
(0 probable or definite 0 axons to A, and Ic fibres 
Pnisson 
n>25. /><0.12 
x2 = i - i o 
for 2 d.f N.S. 
0 1 2 3 4 5 6 7 
no. of axons 
Fig. 4. Observed (filled bars) and best-fitted calculated (open bars) probability distributions of the numbers of motor axons that supplied 
each spindle, for various more or less inclusive samples. In no case does the observed distribution differ significantly f rom the theoretical 
one. The ordinate (occurrence) signifies the number of spindles that received a given number o f axons. Abbreviations standard or as in 
Figure 1. 
the spindle concerned (C700, spindle 10). Among the 
branches that supplied. b.2 and c fibres the proportion 
distributed to both fibre types varied from 17 to 36%. 
Each spindle received from 2 to 13 motor branches. 
The average number, including b,c units, was 7.09, or 
excluding them was 7.36. In either case, the frequency 
of occurrence of spindles with different numbers of 
motor branches appeared to follow binomial form 
(Fig. 4a, (I), indicating a random association of 
branches with spindles. In those spindles (n = 38) 
whose complete motor distribution had been es-
tablished, the number of branches that supplied b2 
and typical poles of c fibres ranged from 1 to 7, mean 
3.74. They represent a virtually pure sample of y 
axons. The number of intrafusal branches that 
supplied b„ long poles of c, bjc and ?/j,ft2 ranged 
from I to 6 per bxb,c unit (n = 35, mean, 3.29). Based 
on the criteria of axonal routing and motor ending 
forms as described above, the large majority was 
identified as derived from P axons. In both cases the 
frequency of occurrence of different numbers of 
branches followed binomial probability distributions 
(Fig. 4c, e). Alternatively, those intrafusal motor 
branches that were probably or quite definitely of P 
axons (0-6 per b{b2c unit; mean, 2.89) could be 
separated from the remainder that were at least 
dominated by 7 axons (1-7 per spindle; mean, 4.11), 
irrespective of their intrafusal fibre distribution. In 
these cases the frequency of occurrence of different 
numbers followed either binomial (Fig. 4b) or Poisson 
(Fig. 4 f ) form. 
Relationships between the numbers of afferent and 
efferent axons (C883) 
Banks & Stacey (1988, 1990) have shown that the 
numbers of afferent axons additional to a single la 
also follow binomial frequency distributions. These 
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Table 7. Numbers of afferent and efferent axons entering muscle spindles of a cat tenuissimus muscle, CS83, grouped according 
to the number of (liferents 
No eflcrenls 
probable ft 1/i/y 
No. — 
Spindle afTerents 6, Ic btlc Total 6, />., 
1 1 1 1 2 1 
3 (b..c) 1 3 
5 1 5 1 6 2 
6 1 1 1 1 1 
10 1 3 1 4 3 
13 
1 c 
1 
i 
3 
I 
3 
1 
2 
• 
1 o 
196 (b,c) 
1 
I 
1 1 t 
2 
Totals 8 17 1 15 
2 2 3 1 4 2 3 
7 2 2 2 1 5 1 
IS 2 2 2 4 
16 2 3 3 4 
I9n 2 3 3 3 
Totals 10 17 2 15 
4 3 1 1 2 5 
9 3 2 1 3 1 4 
12 3 1 1 5 
14 3 1 1 2 4 
17 3 1 1 1 4 
Totals 15 7 6 22 
8 4 4 4 6 
axons are usually group H afferents forming secondary 
endings, but may be group la contributing to doubly 
or multiply innervated primary endings (Banks et al. 
1988). It is possible therefore, that the numbers of 
afferent and efferent axons entering each spindle could 
be randomly determined with respect to the spindle, 
yet be correlated with each other. Only in C883 were 
the results sufficiently complete to test this possibility 
(Fig. 5, Table 7). Their analysis is complicated by the 
uncertainly about the origin, whether y or p, of some 
of the motor branches. Although the b} motor supply 
was undoubtedly dominated by P axons and could 
have been entirely provided by them (see above), the 
size of some endings exceeded the maximum limits of 
those known to be derived from P axons (p, plates) in 
the analysis of Banks et al. (1985). This raises the 
possibility that p., plates were present, derived from 
one or more dynamic 7 axons. Depending on which 
measurement of size is used, L or PTL, 2 partially 
overlapping sets of endings are recognised. The larger 
set, identified as those with P T L values in excess of 
150 um, is shown in Figure 5 and Table 7. 
Both regression (Fig. 6) and /\'2 analyses were 
applied to these data. The only correlations between 
the numbers of afferent and efferent axons entering 
the various spindles involved y axons, either when 
Fig. 5. Schematic diagrams showing the innervation of all bag, bag 2 chain, single-unit spindles of experiment C883, numbered 1,2 and 4-18 
in proximul-lo-distal sequence. Here the spindles are arranged in columns according to the number of afferent axons present, these forming 
primary (P) and secondary (S,. S,) sensory endings. Within each column the spindles are arranged f rom top to bottom according to the total 
number o f motor axons that they receive. Identification of the nature of individual motor axons is described in the text; in part it relied on 
features that are indicated in the diagrams—axonal routing, and whether collateral branches entering cxtrafusal nerves were present (shown 
;is horizontal arrows). Filled circles represent endings positively identified as the p, type of Banks el al. (1985) and therefore probably derived 
from skeletofusimotor (p) parent axons, whether dynamic or static. Filled diamonds represent endings on bag, fibres that fall within the 
criteria of the p s type of Banks ct al. (1985) and exceed the maximum value of PTL for p, endings in that study. The endings could therefore 
be derived f rom one or more (dynamic) y axons, though it is possible that they are intrafusal endings of p axons. Open circles represent the 
trail endings (see Banks et al. 1985, and Banks, 1994) of purely fusimotor (static) y axons. Note that each spindle contained I bag, and 1 
bag, fibre, but that it was usually possible only to estimate the number of chain fibres present. When long poles of chain fibres occurred, 
lis indicated for example in spindle 6. column 1. their number could be accurately determined. True dimensions of individual spindles and 
intrafusal fibres are ignored in these diagrams, but axonal routing and relative locutions o f endings arc depicted as accurately as possible 
r. chain fibres (shown with typical poles in spindle 11, column 2); oilier abbreviations as in Figure I . 
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Fig. 6. Scatter plots showing the relationships between numbers of motor and afferent axons for various samples (a-h). The calculated 
regression of ordinate (y) against abscissa (x) is plotted and given in each case; all those, and only those, involving probable or possible y 
axons alone had slopes that differed significantly f rom 0. The relationship between the number of purely fusimotor (y) axons to chain fibres 
and the number of afferent axons (not shown) was similar to the equivalent one for the bag, fibres. Also shown is the significant relationship 
between total recovered spindle length and number of afferent axons (i). Abbreviations standard and as in Figures 1 and 4. 
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Table 8. Intrafusal distributions of static y axons in 32 muscle spindles of cat tenuissimiis, grouped according to their degree of 
segregation 
Distribution 
Segregation pole 1: pole 2 
No. 
observed Total Expected 
(obs —exp)2 
exp 
SS 
M M 
SM 
SI 
M l 
b, c:b., c 
b.X- : b.,c 
b., b.,c />._,(• <• 
b.,c c: /;.,£' c 
b., b2c :b., b*c c 
b.,c c.b., btc c 
b., /).,<• c.b., fc.,c V 
4 "\ 
4 
4 ^ 
4 
13 
0.333 
b., 
b., 
b, 
b. 
c: /),<• 
< :/;, b.,c 
c: b2c c 
c.b., b.,c c 
b.,c :b1 h.,c 
h.,c /).,<• c 
10 
6 
1.286 
0.143 
2.286 
, Y a = 4.048 
Table 9. Classification of 35 muscle spindles of cat tenuissimus according to the relationships between the occurrence of secondary 
sensory endings and the relative segregation of the static y innervation 
Secondary endings 
Static y innervation 
More segregated 
in one pole 
Neither pole 
more segregated 
Present in both poles or in 
neither 
Present in one pole 
8(5) 
15(5) 
7(5) 
5(2) 
same pole as 
secondary 
I I (5) 
opposite pole 
lo secondary 
4(0) 
* Values are numbers of spindles (C883 in parentheses). 
restricted to the intrafusal rhotor branches that 
supplied bt and c fibres (,\'2 = 8.93 for 1 d.f., 
P < 0.005) or when including the branches that ended 
in possible p, plates on 6, fibres (,y2 = 11.75 for 1 d.f., 
P < 0.001). This was the case irrespective of whaiever 
sample, each at least dominated by intrafusal (3 
branches, was taken to represent the p innervation: all 
possible |3 branches, ^ = 2.93 for 1 d.f., h.s.; all 
probable P branches^ ^ 2 = 2.89 for 1 d.f.; n.s.; 
probable P branches to 6, only, ,\'"' = 1.60 for I d.f., 
n.s. 
Static y axons 
Degree of segregation of input to the b2 and c fibres. 
An additional complexity is presented by the static y 
axons in that they innervate both b2 and c fibres, and 
each intrafusal branch may supply either or both 
types of fibre. The complete input to each spindle pole 
might then be entirely segregated (S), entirely mixed 
(M), or exhibit intermediate degrees of segregation (I), 
with various combinations occurring in whole 
spindles. There were 34 muscle spindles whose entire 
static y innervation was known. Ignoring 2 poles that 
had no motor innervation, the 3 polar types were 
found to occur about equally often: S, 25; M, 22; I, 
19. Assuming that they associate randomly in whole 
spindles, 3 of the 6 possible combinations (SS, MM, 
II) would then each occur with a probability of about 
1/9, whereas the other 3 (SM, SI, MI) would each 
occur with probability 2/9. the various combinations 
that were found are given in Table 8. There were 
considerably fewer of the MI and rather more of the 
SM types than expected, but this does not appear to 
be significant ( x = 4.048 for 2 d.f., n.s.). 
Relationship of degree of segregation with secondary 
sensory endings. An apparent randomness in the 
association of poles, irrespective of their degree of 
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static-Y segregation, might nevertheless conceal a 
relationship with the afferent supply, which is itself 
subject to random variation. This possibility was 
assessed by first scoring individual spindle poles 
according to their degree of segregation: M = 0 ; I = 1; 
S = 2. The sample from the 4 silver-impregnated 
muscles was augmented with data from serially 
sectioned spindles, previously published as described 
above in Materials and Methods. 
Of 74 poles from bxb.,c spindles, 38 possessed 1 or 
more secondary endings and had a mean motor-
supply score of 1.37, whereas the 36 that lacked 
secondary endings had a mean score of only 0.64, 
clearly indicating that the degree of segregation of 
input to the b,, and c fibres is correlated in some way 
with the presence of secondary endings. Adding the 
motor-supply scores for both poles of 37 complete 
spindles showed that the static y supply is increasingly 
segregated as first one pole and then both receive 
secondary endings. Mean scores for spindles with 
primary endings only (n = 8). with secondary endings 
in one pole (n = 21), and with secondary endings in 
both poles (n = 8) were 0.75, 2.14, and 3.00 re-
spectively. The corresponding total scores (6, 45, 24) 
departed significantly from values that would be 
expected (16, 43, 16) if no such relationship were to 
exist { f = 1 0-34 for 1 d.f, P < 0.01). 
It might be supposed that this is due simply to a 
progressive segregation as the number of static y 
branches to a spindle increases in step with the 
number of afferent axons. But the relationship was 
not actually so straightforward, for although unsegre-
gated poles (n = 25) were almost always supplied by a 
single branch (mean number 1.04) there was a 
tendency for segregated poles (n = 26) to be supplied 
by fewer (mean 2.2) branches than partially segregated 
poles (n = 23, mean 2.5 branches). It is for this reason 
that the difference in the degree of segregation of 
static y input is greater, on average, between spindles 
with secondary endings in one pole and those with 
only primary endings (difference of mean scores, 
2.14—0.75 = 1.39), than it is between spindles with 
secondary endings in both poles and those with 
secondary endings in one pole (difference of mean 
scores, 3.00-2.14 = 0.86). 
One further possibility concerning the intrafusal 
distribution of static y axons remains to be examined: 
whether, in spindles with secondary endings in only 
one pole, the static y innervation is more segregated in 
that pole than the other. The relevant data are 
presented in Table 9. Fifteen of 35 spindles had 
secondary endings in only I pole, and static y 
innervation that was more segregated in one pole than 
the other. In 11 of these the more segregated pole was 
the same as that with the secondary endings. 
Assuming that the more segregated static y innervation 
is equally likely to be associated with either pole, the 
probability that the observed numbers occurred by 
chance is: 1 5C 1 I(0.5) , ,(0.5)• , = 0.042; or, for C883 
alone: SC 5(0.5) S(0.5)° = 0.0313. These are sufficiently 
low probabilities to confirm the relationship. 
D I S C U S S I O N 
Much of the reasoning to be developed in this 
discussion depends on a correct identification having 
been made of the source, whether (3 or y, of the; 
intrafusal branches of motor axons. This will therefore! 
be considered first before examining the problem of 
the segregation, or rather lack of it, in the y supply of 
the b2 and c fibres. 
Ever since the conclusive demonstration, in the 
mid-1970s, that static y axons have 2 effectors with 
different mechanical properties (see Barker & Banks, 
1994, for review), the problem as to why this should 
be has remained unresolved. The responses of primary 
and secondary sensory endings to stretch are known 
to be modulated in different ways by b2 or c activity 
(Boyd, 1981; Boyd et al. 1985A, b, c\ Banks, 1991 r/). 
so it might seem desirable for these effects to be undei 
separate central control. Although there is evidence tc 
support al least a degree of separate control (Gladder 
& McWilliam, \911a,b\ Wand & Schwartz, 1985 
Asgari-Khozankalaei & Gladden, 1990; Dickson & 
Gladden, 1990), it is clear from the overall distribution 
of the static axons that al best only a limited 
separation is possible (Banks, 1991A, 1994). The 
present results concerning the intrafusal distribution 
and ending form of the axons invite further con-
sideration of the question as to whether there is more 
than 1 type of static y neuron (Boyd, 1986; Gladden 
& Sutherland, 1989), and this will be dealt with below. 
In addition to these problems of motor control, the 
intrafusal motor innervation, particularly the static y 
system, raises questions of potentially more general 
interest concerning its development which will be 
considered in the final part of the discussion. The 
formation of extrafusal motor units has long served as 
a model for target recognition and synapse elimination 
in neuronal development (see review by Jansen & 
Fladby, 1990). Despite their greatly different adult 
appearances and functional roles, there is a basic 
similarity in the developmental pattern of intrafusal 
and extrafusal muscle fibres as shown by the order of 
assembly and relative positions of the primary and 
secondary myotubes that give rise to them (Milburn, 
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1984; Kucera & Walro, 1990). Il is therefore of 
interest to enquire what we can learn from the muscle 
spindle about the formation of motor units in general. 
The identification of the intrafusal branches of y and 
ft axons and the relationship of their number with 
that of the afferent axons 
It has been argued above, on the basis both of internal 
evidence and a comparison with the study of Banks 
et al. (1985), that the motor innervation of the 6, fibres 
in the complete tenuissimus muscle, C883, was entirely, 
or almost entirely, derived from skeletofusimolor (P) 
axons. In the overall sample, the majority of the £>, 
supply was similarly identified as skeletofusimotor. 
Correlation of the histological and physiological data 
for C883 in the companion paper to this one (Banks, 
1991fl) made it possible to estimate that the muscle 
received about 10 static y axons (7 of which had been 
isolated in ventral root filaments). Il is necessary, 
therefore, to provide further corroboration for the 
predominantly P nature of the dynamic input in 
tenuissimus, since in the larger hindlimb muscles, such 
as soleus, between a quarter and a third of fusimotor 
(y) axons are dynamic (Matthews, 1972) and they may 
be supposed to contribute a large part of the bx input. 
Although there has been no systematic study of the 
proportions of dynamic and static y axons in 
tenuissimus, there is evidence for a relative deficiency 
in the dynamic type. Boyd et al. (1977) reported a 
dynamicrstatic ratio of 1:6.5, and in the whole 
physiological series from which the present work 
derives only 2 y axons from a total of 35 were 
dynamic. Even when dynamic y axons have been 
specifically sought in tenuissimus, no muscle seems to 
have been supplied by more than 2 (e.g. Banks el al., 
1978), and il is quite common not to be able to find a 
single one, despite the undoubted presence of dynamic 
P and static y axons (Banks, Hulliger and Scheepstra, 
unpublished results). 
In the case of C883, whereas it should be noted that 
no dynamic y axon was isolated, the principal evidence 
for the p nature of the /?, innervation was the mean 
length of the motor endings. Al 35.9 urn this was 
virtually identical lo that of the endings of known p 
axons on bt fibres (36.1 um, Banks et al. 1985) and, 
despite the different techniques employed, was similar 
to the mean length (31.6 um) of known and presumed 
P endings on 6, reported by Kucera & Walro (1986). 
Supplementary evidence was provided by the obser-
vation that the Z>, and long poles of c fibres, the latter 
known from glycogen depletion experiments and 
serial sections to be typically p innervated (Jami et al. 
1978, 1979; Kucera & Hughes, 1983), often received 
their motor supply from otherwise exclusively extra-
fusal nerves. Direct evidence for the p origin of the 
axons concerned, in the form of extrafusal collaterals, 
was lost in leasing the spindles for the present work, 
but similar axons could[thusJbe^positively^identified 
as P in the serial section studies (Kucera & Hughes, 
1983: Kucera & Walro, 1986). 
Confidence in the general identification of the P 
intrafusal motor innervation was further increased 
when collateral branches to extrafusal nerves were 
subsequently found lo arise from several axons which 
had already been classified as P on the basis of their 
distribution to bl or Ic fibres and the form of their 
intrafusal endings. An unpublished earlier version of 
Figure 5, made before these collaterals had been 
traced, was included in a poster illustrating a 
communication given in Paris in 1991 al a symposium 
in honour of Professor Laporle (Jami et al. 1992). The 
collaterals are all those in spindles 5, 7, 10, and 11 in 
Figure 5; those of spindle 7 are also shown in detail in 
Figure I £. They were preserved in the teasing process 
because the parent axons approached the spindles in 
relatively robust nerves that also contained the 
afferent axons, in whose company the intrafusal 
branches of the p axons entered the spindles. Kucera 
& Walro (1986) do not appear lo have recognized P 
axons in this situation, perhaps because they did not 
trace the nerves far enough from the spindles. The 
potential contamination of their y sample, rather than 
the difference in techniques, might account for the 
considerably smaller mean length (43.6 um) that 
Kucera & Walro reported for the endings of y axons 
on fibres than that of the p, endings (p 2 plates) of 
Banks et al. (1985). 
Before the bt motor innervation of the complete 
muscle, C883. can be accepted as predominantly or 
entirely skeletofusimotor, it is also necessary lo show 
that a significant y contribution is unlikely. By 
removing from the sample those axons and their 
endings most probably of P origin, a subsample was 
created that would have been enriched with y axons, 
were any present. However, the mean size of the 
endings in this subsample remained small, thus 
indicating that P axons still predominated. Even the 
large size of some endings, which exceeded the 
maximum values of L or PTL for the p, plates of 
Banks et al. (1985), does not unequivocally mark 
those endings as p., (y), since 2 of the 4 endings of the 
confirmed Paxon in GS6of Banks (1981) were equally 
large (70 and 71 um long). Nevertheless, it is among 
the axons supplying those endings that any y 
innervation that mighl have been present is likely to 
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be represented. In view of the often widespread 
distribution that has been reported for individual 
dynamic y axons in tenuissimus (Barker el al. 1976ft; 
Boyd et al. 1977; Banks, 1991 a), the small number of 
spindles that contained potential p 2 endings in C883 
suggests thai probably not more than 1 dynamic y 
axon was present. 
Once the likely sources of the intrafusal branches of 
motor axons had been identified, analysis of their 
number revealed that, whereas they appeared to be 
distributed at random to individual spindles (though 
not, of course, within the spindle), the numbers of y 
axonal branches and afferent axons were closely 
correlated. This was not the case for the P branches, 
the analysis failing to reveal anything other than 
their random association with spindles. The different 
behaviour of the 2 types of motor innervation in this 
respect may be attributed to a specific requirement for 
the y axons to be guided to the incipient spindles 
during development. This could be easily achieved if 
they were to follow pathways already laid down by the 
afferent axons, the attractiveness of the pathways for 
the y axons being determined by the number of 
afferenls present in them. The P axons, by contrast, 
seem not to be guided to their intrafusal destinations 
al all; rather, they appear to have encountered 
developing spindles by chance. I have argued else-
where (Banks, 1994) that ihe P innervation is provided 
by motoneurons that are indistinguishable from 
corresponding a motoneurons, a conclusion which, if 
true, is sufficient to account for the observed dis-
tribution of numbers of intrafusal P branches. 
The degree of segregation of the static y supply to 
the b 2 and c fibres 
We have been so long accustomed to regard extra fusal 
motor units as homogeneous that we are perhaps 
conditioned to think of this as the quintessentially 
normal condition for motor units, deviations from 
which are due to developmental abberations. In the 
spindle, the dynamic y/ft, units conform to the ideal 
and so bolster our belief. Even the existence of the P 
innervation can be accommodated since it might be 
supposed that the intrafusal components of these 
units are specially modified by the presence of the 
sensory endings. The existence of unsegregated or 
common innervation of ft, and c fibres by static y 
axons is therefore a challenge not only to theories of 
motor control, but also to the general concept of the 
motor unit. 
It has been argued that despite the lack of complete 
segregation there are nevertheless 2 (Boyd, 1986) or 
more (Gladden & Sutherland, 1989) types of static y 
neuron. Each would presumably have an intrinsic 
preference for one or other kind of muscle fibre, but 
which for unknown reasons, and despite the supposed 
benefits for motor control, they are often unable to 
satisfy. One of the observations ihat Boyd took to 
support his conclusion was the similarity in the effects 
on sensory responses attributable to ft, or c activity 
that were elicited by single sialic axons in several 
spindles. Although later studies have failed to confirm 
such a clear distinction (Banks, 1991 A ; Celichowski et 
al. 1993, 1994; Dickson et al. 1993), there is a greater 
than chance similarity in the effects elicited by some 
axons which Banks (1991 a) related to conduction 
velocity. Thus the fastest-conducting axons 
( > 40 m s"1 in tenuissimus), which tended to be most 
widely distributed, always supplied ft, fibres. In some 
spindles c fibres were also innervated by these axons 
but rarely alone as the ft2 fibres often were. The 
distribution of slower axons appeared altogether more 
random, except that there was a tendency for those 
that supplied only c fibres in some spindles to be the 
slowest among the axons to the spindles concerned. 
Banks (1991a) concluded, therefore, that there was 
but a single, differentially distributed, population of 
static y neurons. 
Though there is no clear separation of the ft, and c 
components of the static system into distinct motor 
units, it is nevertheless conceivable that there exist 2 
(or more) kinds of static y motoneuron each with a 
preference to form connexions with either ft, or c 
fibres. This would then easily account for the observed 
partial segregation. Alternatively, if there is but 1 type 
of neuron, capable of making connections equally well 
on the 2 types of fibre, it is necessary to invoke some 
additional factor such as the order of neuromuscular 
contact to explain the presence of a nonrandom 
component in the distribution of the neurons. 
The present results offer a new perspective on this 
problem. Consider first the case in which a segregated 
static y supply is beneficial for motor control, and 
there are 2 types of neuron. We have seen that the 
number of y axons entering a spindle is correlated 
with the number of afferent axons, which itself appears 
to be randomly determined. The degree of segregation 
would then be expected to reflect the increase in the 
number of axons entering a spindle, and therefore the 
chance that both types of neuron are represented. This 
is not so; rather, there is at first an increase then a 
slight decrease. Single poles show the effect par-
ticularly clearly: when I axon is present its distribution 
is entirely unsegregated; when 2 are present seg-
regation is essentially complete; but when 3 are 
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present, the distribution of 1 of them is often again 
unsegregaled. The hypothesis of 2 types of neuron 
cannot readily account for this suite of observations; 
for example, if 2 axons regularly segregate within a 
single pole, this would imply that they belong to each 
of the 2 kinds of neuron. The addition of a 3rd neuron, 
which must show a preference for b2 or c fibres, should 
not result in a reduction in the degree of segregation. 
Consider now the case where there is only 1 type of 
sialic 7 neuron. Partition of the b2 and c fibres in a 
single pole by 2 or 3 axons from different neurons may 
be supposed to depend on a competitive interaction of 
some kind. The outcome of this interaction need not 
be entirely due to chance, even though the neurons 
are intrinsically similar; the possibility of bias is 
strongly indicated by the sequential construction of 
the b, and c fibres over a period of time in which the 
y innervation arrives at the developing spindle. Kucera 
et al. (1988) have shown that, al least in the rat, the 
presumptive b, receives what seems to be a definitive 
y supply before the c fibres have begun to form. The 
adult condition described above shows that if only 
1 static Y axon is present or persists, then it 
normally extends its distribution to include those c 
fibres not already sequestered by P motor units. When 
2 or 3 axons are present it is necessary to suppose that 
in the competition for intrafusal fibres the outcome 
is biased in favour of the 1st axon to establish 
neuromuscular contact with a particular fibre. This 
has the advantage of accounting not only for the 
within-spindle segregation but also the nonrandom 
component of between-spindle distribution, because, 
as we have seen, the earliest static Y axons to arrive in 
a developing muscle will encounter presumptive b2 
but hot c fibres. 
It is possible, therefore, to explain the occurrence of 
a degree of static Y segregation without recourse to 
intrinsically differenl motoneurons, but this does not 
demonstrate that the segregation is of use in motor 
control. Histological evidence is unlikely to provide 
definitive evidence here, though it can afford some 
insight. This has already been discussed by Banks 
(1994) and will not be repeated in detail, but we may 
note the incongruous association of a segregated static 
supply to b.2 and c fibres and the presence of secondary 
endings^ even at the level of individual poles. The 
incongruity arises because secondary endings are 
predominantly situated on (Banks et al. 1982), and 
influenced by (Boyd, 1981) c fibres. Furthermore, if 
segregation is functionally important, we might expect 
that when sufficient static Y axons are present in a 
spindle (a minimum of 2) the mechanism of motor 
unit homogenisalion lhat seems to operate between 
the dynamic and static systems (and also extrafusally) 
could ensure thai the b.2 and c fibres were separately 
innervated. It is clear that this does not happen. 
The contrast between the high degree of segregation 
of the dynamic and static systems and the lack of 
segregation within the static system is noteworthy and 
presumably reflects the functional importance of the 
former division. We may also note that whereas the 
dynamic input may largely be provided by collaterals 
of ot motoneurons, and therefore is presumably 
activated in parallel with them, the static system is 
evidently required to be under separate control since 
it is almost exclusively supplied by fusimotor ( Y ) 
axons. This highlights the necessity of comparative 
studies of muscles involved in different motor tasks 
since patterns of intrafusal and extrafusal activation 
are unlikely lo be universally applicable (see e.g. 
Murphy el al. 1984; Murphy & Hammond, 1993). 
Ending morphology and the problem of the number of 
types of static y motoneuron 
Intrafusal motor endings, and the neuromuscular 
junctions to which they contribute, are extremely 
variable (Banks et al. 1985; Kucera & Walro, 1986), 
and much effort has gone into their description and 
classification (see Banks, 1994, for review). The lack of 
a generally accepted scheme may be due, among other 
reasons, to problems of sampling and to the likely 
presence of influential factors that are uncontrolled or 
unaccounted for. The latter reason in particular 
should be borne in mind when assessing the evidential 
use of junctional morphology in relation lo ideas 
about the number of types of static y neurons (Boyd, 
1986; Arbiitlinott et ah 1992). 
Banks et al. (1985) concluded lhat the form of the 
motor endings was primarily determined by neuronal 
type, whereas postjunctional structure mainly varied 
according lo intrafusal fibre type and to the location 
of the endplates in relation lo the primary sensory 
ending. Kucera & Walro (1986) reached similar 
conclusions, and went on to show lhat among a suite 
of 5 postjunctional characters only one, the mean 
cross-sectional area of the sole-plate, showed a slight 
difference as between segregated and unsegregaled 
axons, and that only for the endplates of b., fibres. 
More recently, however. Arbuthnott et al. (1992) 
described differences between the postjunctional struc-
tures associated with segregated and unsegregated 
intrafusal branches of static Y axons ending on both c 
and b2 fibres. 
The present statistical analysis (see Table 3) shows 
that some significant differences exist between the 
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mean values of estimates of ending size (L or P T L ) 
and complexity (R) for endings of static y axons 
according to their intrafusal distribution, whether 
segregated or unsegregaled. and their location, 
whether on b, or c fibres. Combination of one or other 
estimate of size with that of complexity could 
potentially increase the discrimination of any groups 
that may occur, since the elements of each com-
bination show very little correlation. In this way, by 
combining L and R, 3 groups emerge that can be 
characterized as being relatively: (1) small and simple, 
(2) large and simple, and (3) large and complex. They 
correspond respectively to endings of (I) unsegregated 
intrafusal branches on c fibres, (2) unsegregated 
branches on b2 fibres together with those of segregated 
branches on c fibres, and (3) segregated branches on 
ft, fibres. It should be noted, though, that groups (1) 
and (2) are incompletely separated when PTL and R 
are combined in that the endings on c fibres, 
irrespective of source, no longer differ significantly. 
Since apparently different forms of ending occur on 
the same type of intrafusal fibre it could be argued 
that this implies the existence of intrinsically different 
types of static y neuron, just as the endings of dynamic 
P and y axons differ even though they both supply ft, 
fibres. However, such a conclusion can only be 
accepted if other influential factors can be eliminated 
or controlled, and this has yet to be achieved in any 
study on intrafusal motor innervation. The potential 
for postjunctional factors to influence ending form is 
clearly indicated by the unsegregated intrafusal 
branches, since their endings on c and b.2 fibres differ 
in size, those on the c fibres being smaller. A consistent 
size difference also exists between the c and ft, endings 
of the segregated branches. 
Variation in size of spindles, and therefore of the 
component intrafusal fibres, is one obvious factor that 
could also influence ending form. Spindle size cor-
relates with the number of afferent axons (Fig. 6), 
which in turn correlates with the number, and 
therefore the degree of segregation of the static y 
axons. Precisely the same 3 groups of endings that are 
recognised above also occur in the analysis of Kucera 
& Walro (1986) where the differential feature is the 
mean distance between the motor and primary sensory 
endings. At least for the c fibres, this distance is itself 
correlated with an estimate of fibre size, namely polar 
length (Banks, 1981). Since, therefore, the endings of 
segregated and unsegregated intrafusal branches of 
static y axons map in a biased or nonrandom fashion 
into fibres of different sizes, it is not possible to 
conclude that the above groups represent different 
types of neuron; a single, continuously varying 
population of neurons could automatically generate 
the groups if ending and fibre size are related. 
A final speculation on motor units and development 
The peripheral organisation of the motor units of the 
adult static y system show some remarkable similarities 
with that of the skeletomotor (a) system at a stage of 
development typified by the neonatal rat (Jones et al. 
1987r/, b). These include: convergence of different 
motoneurons onto individual muscle fibres; clustering 
of component fibres; and, perhaps most significantly, 
heterogeneous composition. In view of the probable 
common origin and ontogenetic pattern of intrafusal 
and extrafusal fibres (Milburn, 1984; Kucera & 
Walro, 1990), it may be that the details of that 
organisation are as relevant to our concepts of 
neuromuscular development in general as to further-
ing our understanding of motor control. 
The convergence seen in exlrafusal development 
appears to be due entirely to multiple innervation at 
individual endplates (see review by Jansen & Fladby, 
1990). A similar kind of transient convergence occurs 
during the equivalent developmental stage of intra-
fusal endplates (Kucera et al. 1988); the convergence 
that persists in the adult static y system is due to the 
presence of several endplales in each ft, pole, which in 
some cases are supplied by different axons. This may 
be a consequence of the lack of propagated action 
potentials in these fibres (as also with the ft, fibres, but 
in contrast to the c fibres which normally have a single 
endplate per pole and propagate action potentials; 
Barker et al. 1978; Banks, 1981), but it does indicate 
that the reduction of multiple to single innervation of 
individual endplates is a locally mediated phenom-
enon. Temporary development of multiple inner-
vation at single sites may be a mechanism to ensure 
that virtually all muscle fibres become innervated. 
However, even if the interaction that results in its 
reduction is in any sense competitive, it does not 
follow that the contributing axons have equal chances 
of winning. Indeed, the nonrandom component in the 
distribution of individual static y axons suggests that 
this is not so, but is consistent with the possibility that 
the first axon to contribute to an endplate is most 
likely to survive there. 
Persistence in the adult of heterogeneous static y 
motor units suggests that the condition is functionally 
neutral, and that other factors, such as the need to 
I 
ensure as complete an innervation as possible, are 
more important. Conversely, when homogeneity 
occurs, as in the dynamic y system and in extrafusa'l 
motor units, we may suppose that this is a positive 
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adaptation arising from the functional benefits pro-
vided to overall motor performance. If so, it is not 
surprising that even there complete 'homogenisation 
does not seem to occur (Kucera, 1985; Walro & 
Kucera, 1985; Barker et al. 1992). Local, biased 
competitive interaction of axonal terminals coupled 
with a stereotyped spatiolemporal formation of the 
various generations of primary and secondary myo-
tubes might set the pattern of homogenisation, with 
further enhancement following mutual differentiation 
of motoneurons and muscle fibres perhaps by with-
drawal of now inappropriate connections. 
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1. I N T R O D U C T I O N 
Mammals display a wide behavioural repertoire; 
their control o f posture and locomotion is correspond-
ingly complex and requires a variety of proprioceptive 
and exteroceptive sensors. The muscle spindle is one of 
these sensors, and it has been known and studied now 
for over a century. Its function as a mechanosensory 
proprioceptor was soon recognized by Sherrington 
|( 1894) and Ruffini (1898), since when it has principally 
Ibeen studied in order to elucidate its role in motor 
icontrol (Matthews, 1972). More than a mere sense 
'organ, however, the mammalian muscle spindle is a 
miniature neuromuscular system (Barker and Banks, 
1994). As such it may be studied on several 
organizational levels, and from various aspects. This 
wi l l , I am sure, be familiar to those for whom the 
spindle is their special concern, but the benefits of the 
spindle as a model for other neural and neuromuscular 
systems do not seem to be more generally appreciated, 
despite its long history. 
The spindle informs the central nervous system 
(CNS) about local changes in muscle length 
(Windhorst el al., 1989). The facility of presenting 
accurate and reproducible length stimuli to muscles 
undoubtedly contributed to the importance of the 
spindle, both in experiment and theory. But its 
importance is compounded because, uniquely among 
somatic proprioceptors, the spindle's response has 
both passive and active components; for the CNS 
exercises an efferent control over the response through 
the partially intrafusal distribution of the motor 
innervation. This complication makes the role of the 
spindle in motor control much more difficult to define, 
since, in the normal behavioural repertoire, the length 
signals provided by spindles are continuously 
modulated by efferent activity. Moreover, the CNS 
may use the length signals in a variety of contexts, 
related not only to the source of the signal but to the 
behavioural task being performed. Thus, in addition 
to particular muscles possessing characteristically 
different complements o f spindles and their sensory 
innervation, we should expect the information they 
provide about muscle length to be utilized differently 
if, for example, a muscle were to contribute to postural 
adjustment as against locomotion, or to exploratory as 
against ballistic movements. 
It is beyond the scope of the present review to 
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describe the part played by the intrafusal motor 
innervation in the exercise of motor control. The 
interested reader may consult the excellent reviews 
that are available elsewhere (Hulliger, 1984; 
Matthews, 1972, 1981a,b; Mclntyre, 1974; Schom-
burg, 1990). Similarly, the internal mechanisms of the 
spindle, reviewed by Boyd and Smith (1984), Hulliger 
(1984), Hunt (1990) and Matthews (1972, 1981a,b), 
will be introduced only in sufficient detail to facilitate 
the description of the normal pattern of motor 
innervation. The objectives of the current review are: 
(i) to describe the common plan of the spindle and its 
innervation; (ii) to give a quantitative account o f the 
variability of the motor innervation within the 
common plan, and of its relationship with the sensory 
innervation; (iii) to consider how the adult patterns 
may be produced developmental^; and (iv) to 
demonstrate, thereby, the relevance of these studies 
not only to motor control but to neural organization 
in general. 
2. T H E S P I N D L E A N D I T S C O M P O N E N T S 
This section briefly summarizes the basic structure 
and function of the spindle, necessary to understand 
the subsequent detailed treatment of its motor 
innervation. Since the subject has recently been fully 
reviewed by Barker and Banks (1994), references to 
original work are kepi to a minimum. 
The spindle's function as a length sensor arises 
essentially from its geometrical relationship with the 
muscle of which it forms a part. It consists of a bundle 
of specialized muscle fibres lying in parallel with, and 
hence normally surrounded by, the fascicles of the 
regular, force-producing fibres. Any length changes in 
the muscle are therefore transmitted by the intrafusal 
fibres to the sensory nerve terminals that occur in their 
mid, or equatorial, regions. The intrafusal fibres are 
contractile throughout their lengths except for the 
equatorial regions, so that each is divided into two, 
independently acting, polar regions. The small 
cross-sectional area of the intrafusal fibres in the adult 
means that their contraction makes an insignificant 
contribution to the total external force of the muscle, 
while being sufficient to deform the sensory terminals. 
It is by this means that, through the motor innervation 
normally supplied to both polar regions of the spindle, 
the CNS is able actively lo modulate the sensory 
response. 
2.1. T H E SENSORY I N N E R V A T I O N 
It may seem perverse to begin a review of the 
intrafusal motor supply with a description of the 
sensory innervation, but this is necessary for two 
reasons: (i) to consider subsequently whether the 
presence of different sensory complements has any 
influence on the motor provision in individual 
spindles, and (ii) because the functional categories of 
the motor axons are denned according to their 
differential effects on the sensory response to muscle 
stretch. 
The equatorial region receives the endings of one or 
more separate afferent axons. The maximum number 
is indeterminate but seems to be about eight. A 
detailed description of the endings has been given for 
the cat by Banks el al. (1982) and Banks (1986). The 
form of the terminals and their distribution among the 
intrafusal fibres varies according to the position of the 
ending in relation to the equatorial myonuclei. It is 
thus possible to distinguish between primary and 
secondary sensory endings. Primary-ending afferents 
appear to induce the differentiation of the intrafusal 
fibres during development (Zelena, 19S7) and thus 
determine the characteristic number of spindles 
occurring in a particular muscle. The relative number 
of spindles in different muscles, as measured 
allomelrically (Banks and Stacey, 1988), is undoubt-
edly an important factor in motor control, but one that 
has not yet received the attention it deserves. 
In most spindles the sensory complement consists of 
a single afferent that forms a primary ending, either 
alone or associated with one or more afferents that 
usually form secondary endings but may contribute to 
doubly or multiply innervated primary endings (Banks 
and Stacey, 1988, 1990; Banks el al., 1988). The 
frequency of occurrence of spindles with different 
sensory complements follows a binomial distribution, 
suggesting that afferents additional to those initiating 
intrafusal development are allocated randomly among 
the whole spindle population of the muscle (Banks and 
Stacey, 1988). In the binomial distribution the product 
o f / ) , the probability of an event occurring, and n, the 
number of independent trials, is equal to the average 
occurrence of the event. In the sensory complement of 
most cat spindles this corresponds lo the average 
number of secondary endings present. The precise 
distribution, defined by the values of the binomial 
parameters p and n, is again a characteristic feature of 
a particular muscle, and presumably, therefore, of 
functional significance. 
2.2. EFFECTS O F M O T O R S T I M U L A T I O N O N SENSORY 
RESPONSES T O S T R E T C H 
The responses of primary and secondary endings to 
a variety of stretch stimuli have been analyzed so as lo 
define the transduction properties of the spindle and 
to investigate its internal working. For present 
purposes it is only necessary to consider the ramp and 
hold stimulus, where a muscle is held at constant 
length, then stretched at constant velocity to a new 
length at which it is again held. There are thus two 
phases of static stretch separated by a dynamic phase. 
The responses of primary and secondary endings of 
passive spindles are qualitatively similar, both 
showing an increased firing rate when the muscle is 
maintained at a longer rather than a shorter length. 
The onset and maintenance of the dynamic phase o f 
stretch produce complex effects in the sensory 
response, whose origin is still the subject of debate. 
There is a component that is related in some way to the 
rate of stretch so that the dynamic response is greater 
than would be expected on the basis of instantaneous 
length alone. This component is usually more marked 
in primary than secondary responses. 
In general, the sensory endings are excited by 
stimulation of intrafusally distributed motor axons, 
but the effects produced are not all similar. Two main 
categories are recognizable according to whether or 
not the dynamic phase of the primary-ending response 
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is selectively enhanced. Excitation without dynamic 
enhancement may take various forms collectively 
known as-static effects. In some cases the output of the 
primary ending can show entrainment at the stimulus 
frequency (1:1 driving) or a submultiple of it 
(subharmonic driving). These effects are to some 
extent length and frequency dependent. A t high 
frequencies the response may show greatly increased 
variance in addition to an increase in its mean rate. In 
other cases the primary output may be biased upwards 
with no sign of driving at any length or frequency. 
When a motor axon innervates more than one spindle 
it almost always has the same broad effect, whether 
dynamic or static, on each primary ending. It is thus 
convenient, as well as reflecting an important 
functional distinction, to speak of dynamic and static 
axons. Only static axons commonly affect secondary 
endings, and those that drive primary endings tend to 
produce a more powerful secondary excitation than 
those that do not (Celichowski et al., 1993). 
2.3. F U S I M O T O R (y) A N D S K E L E T O F U S I M O T O R ( / ? ) 
A X O N S 
In addition to categorization by their functional 
effects on primary-ending responses, intrafusally 
distributed motor axons may be classified according to 
their size and overall distribution. Some axons are 
exclusively fusimotor. They are small, conducting in 
the y range (between 15 and 55 msec - 1 in the cat), and 
seem to be characteristic of mammals (Barker, 1974) 
i f not entirely confined to the class. The cost in 
increased complexity incurred by the provision of a 
separate fusimotor route is presumably met by the 
additional flexibility given to the control system as a 
whole. Nevertheless a simpler system, widespread in 
other telrapod classes, continues to form a significant 
component of the mammalian intrafusal motor 
innervation. Here the intrafusal fibres form part of the 
motor units of axons that are otherwise distributed to 
exlrafusal fibres and that conduct mostly in the « 
range. Though it is convenient to call these 
skeletofusimotor, or fi, axons, it should be remem-
bered that there is as yet no evidence that they are 
distinct from corresponding axons whose motor units 
are purely extrafusal. 
The dynamic and static categories of fusimotor 
effect can be elicited by both /? and y axons, but there 
seems to be little or no distinction in size between 
dynamic and static y axons, whereas the two types of 
f j axon do differ in this respect (see Section 3.2.1). 
2.4. T H E I N T R A F U S A L M U S C L E FIBRES 
The intrafusally distributed motor axons, whether y 
or /?, exert their influence on sensory responses 
through the activity of the contractile poles of the 
intrafusal muscle fibres. It has long been supposed that 
the sensory effects of motor stimulation are due to 
different contractile properties of the muscle fibres, so 
an important aim of spindle research has been to 
establish how many types of fibre there are and what 
is the nature of their contraction. Despite minor 
variations in details of size and some hislochemical 
staining properties, intrafusal-fibre types are remark-
ably constant in a wide range of eutherian mammals 
including rodents, lagomorphs, carnivores and 
primates. Initially, large fibres containing bag-like 
collections of equatorial myonuclei were distinguished 
from smaller fibres with rows or chains of nuclei. In an 
important resolution of conflicting evidence relating to 
the intrafusal distribution of static and dynamic y 
axons, the nuclear-bag-fibres were subsequently 
recognized as including two, metabolically quite 
distinct, types. Following a precedent introduced by 
Ovalle and Smith (1972), the different kinds of fibre are 
now generally referred to as bag, (b,), bag, {b2), and 
chain (c). In most spindles all three kinds are 
represented (b,b2c units), with a total complement in 
each spindle that is rarely less than \bh \b2, and 2c. In 
larger spindles the additional fibres are usually c, but 
some spindles may contain additional b, or b, fibres, 
especially in certain species or muscles. At least in the 
cat, smaller spindles may lack a b, fibre (b2c units), 
when they are usually linked in tandem with a larger 
b,b2c unit by a continuous b: fibre. 
The metabolism of intrafusal fibres, as expressed in 
their enzymic and immunohislochemical properties, is 
unusual when compared with that of their extrafusal 
neighbours (Rowlerson et al., 1985). For example, 
they show marked regional variation centred on the 
equatorial nuclei and, thus, the primary sensory 
ending, whereas extrafusal fibres are noted for their 
homogeneity (but see Barker et al., 1992). They may 
possess peculiar myosin isoforms as demonstrated by 
neonatal and tonic myosin immunoreaclivity, in 
addition to the more normal fast- and slow-twitch 
varieties that also occur extrufusally. The most 
important differential and regional properties are 
summarized in the schematic diagram of Fig. 1, where 
the regions are defined in relation to the spindle's 
capsule, itself derived from the perineurium of the 
supplying nerves. In region A, centred on the equator, 
the capsule is separated from the bundle of intrafusal 
fibres by a periaxial space that gives rise to the 
eponymous shape. It is of variable extent depending on 
the number of sensory endings present. In region B the 
capsule closely surrounds the intrafusal bundle. Most 
of the motor innervation occurs here, but some, 
particularly of the b, fibre, is found in region C, which 
is that part of the intrafusal bundle extending beyond 
the end of the capsule. 
Since the regional transitions and the changes in 
ATPase activity and myosin composition are not 
sharply defined, nor do they usually correspond 
precisely, the summary of the regional properties o f the 
intrafusal fibres shown in Fig. I should be regarded as 
representative only. However, it serves to emphasize 
the following important points: (i) tonic, slow-twitch 
and fast-twitch myosins characterize the b,. b2 and c 
fibres, respectively. This is entirely consonant with the 
known speeds of contraction of the muscle fibres, (ii) 
There is a major change in the properties of the b, fibre 
at about the B/C boundary where it acquires an 
acid-stable ATPase activity and slow-twitch myosin, 
both of which occur throughout the b, fibre. There is 
an approximately corresponding transition in the 
ultra-structure of the sarcomeres from a characteristi-
cally tonic type in regions A and B to a twitch type in 
region C (Banks et al., 1977). This partial switch from 
tonic to twitch properties may account for the large 
discrepancies usually found between the sites of focal 
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sarcomere shortening elicited by motor stimulation 
and the location of the endplates (Banks et al., 1978). 
It is reasonable to envisage that activation of the b, 
fibre produces an increased stiffness in the tonic region 
together with some overt shortening in the distal, 
twitch-like region, though typical twitches are almost 
certainly not involved. 
The extracapsular portion of the spindle, region C, 
may represent about half of the total length, but the 
chain fibres usually do not extend far into it . In some 
cases, however, one or more very much larger chain 
poles are present, when they may resemble, or even 
exceed, the length and diameter of the bag fibres. The 
fibres possessing these are often called long chain 
fibres, but usually only one pole of a fibre is of the long 
variety and the usage can lead to confusion. They have 
been described in detail only for the cat, but they 
probably occur in other species, including the rat 
(Kucera et al., 1991). 
3 . T H E M O T O R I N N E R V A T I O N 
At this point it may be useful briefly to summarize 
the distribution of the intrafusal motor innervation, as 
it is currently understood, and to set out the differing 
opinions concerning its interpretation, before examin-
ing the relevant evidence in detail. The summary will 
be based on hindlimb muscles of the cat; important 
variations present in other species will be considered 
later. 
In general, dynamic axons, whether y or fi, innervate 
b, fibres alone, whereas static axons innervate b, and 
c fibres. There seem to be few exceptions to this 
generalization. Perhaps the most important and 
instructive are the axons that supply ^ni b, and a c 
fibre in the same spindle. At least in the majority o f 
these cases the c poles are long and the axons are 
probably /?. More usually, long c (Ic) poles are 
separately and uniquely innervated by static /? axons. 
Thus, whereas the distributions of static y and /J axons 
are quite distinct, those of their dynamic counterparts 
are coincident even to the extent that both types may 
be supplied to a single b, pole. 
Static y axons supply the b2 and c fibres of a single 
pole jointly or separately about equally often, though 
their overall distribution in all the spindles that they 
innervate usually includes both types. Nevertheless, 
they are not all equally distributed, since the 
segregated portion of their distribution tends to 
involve either h2 or c fibres only. This differential effect 
may be correlated with the overall extent of their 
distribution and their conduction velocity, such that 
the larger, more widely distributed axons predomi-
nantly supply b, fibres. 
How, then, are we to view the diversity in the 
intrafusal motor innervation? Because of the theoreti-
cal importance for control mechanisms of a separate 
fusimotor system and of dynamic and static divisions, 
it is very convenient, as well as reflecting the historical 
development of the subject, to speak of dynamic y 
axons, static fl axons, and so on. But the price of 
convenience is the implied suggestion that the 
functional attributes reside in the axons: that the 
several functional groups are all useful in specialized 
ways; and that hence there are several distinct types of 
- B B Bag, 
Bag 2 
Acid Alkaline Chain ATPaie ATPaie 
B B 
Bag, 
Bag 2 
Neonatal Slow Ionic 
3 Chain Fast twitch Slow twitch 
modified from Pvdrota F. Butler-Brown* G.S.. Dhool G.K.. 
Fitchman D.A. * I h o r n . l l L-E. (1989) 
F I G . I . Schematic diagram to show the differentiation and regional properties of the three types ofintrafusal 
muscle fibre, as revealed by ATPase activity after acid or alkaline preincubation (top), and 
immunocytochemistry (bottom) using monoclonal antibodies against tonic, slow-twitch, neonatal and 
fast-twitch isoforms of the myosin heavy chain. High levels of reaction product are shown as black in each 
case. Regions A, B, and C are defined in the text. From Barker and Banks ( 1 9 9 4 ) , modified from Pedrosa 
et al. ( 1 9 8 9 ) . 
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T A B L E 1. NUMBERS OF INTRAFUSAL MOTOR A X O N A L BRANCHES H A V I N G DIFFERENT 
DISTRIBUTIONS I N TUNUISSIMUS SPINDLES OF THE C A T 
Distribution Source Totals 
(a) Serially sectioned spindles 
Durham Glasgow 
10 
b, d)c 
Ic 
c 
b,c 
b, 
Boston 
66 
5 
(b) Silver-stained spindles 
C883 
b, 
b, Ic 
Ic 
c 
b,c 
b, 
?b,b 2 
45 
I 
9 
19 
23 
18 
Other 
61 
1 
} » 5 } 60 
}» S}« 
31 
23 
Totals 
106 
2 
21" 
51 
44' 
47 
1 
(d) Distributions as proportions of relevant total (%) 
b, 
b,lc 
Ic 
c 
b,c 
b, 
All serial (a) 
33 
3 
All silver (b) 
39 
I 
C883 (b) 
39 
I 
19 
14 
30 }» .!} 25 
20 
16 
83 
8 
47 
35 
(c) Overall totals (a+b) 
189 
10 
91 
82 
1 
Overal lota 
36 
2 
9 
20 
17 
16 
!} 
(c) 
28 
References: (a) Durham: Banks (1981). Glasgow: Arbuthnott et al. (1982); 
Sutherland et al. (1985). Boston: Kucera (1985b). (b) Banks (in press). 
Analyzed using (a) reconstruction from serial sections, and (b) silver-impregnated, 
teased spindles. Overall totals arc given in (c), and proportions of the various 
distributional types in (d). 
motoneuron. This was entirely feasible at a time 
when it was thought that both static and dynamic 
axons frequently innervated the same type of muscle 
fibre. Now, however, the evidence overwhelmingly 
supports the idea that the functional effects are 
consequences of the mechanical properties of the 
muscle fibres. In effect, we have transferred the epithet 
from the motor unit to the motoneuron, but this 
does not prove that the motoneurons themselves 
form correspondingly distinct groups. For the adult 
control system, it may be insignificant whether or 
not the motoneurons are inherently different at 
the outset of spindle development, provided the 
outcome of the developmental process is a high 
degree of segregation in their distribution. However, 
the question is directly relevant to our consideration 
of how the spindle is formed in development; how 
the intrafusal and extrafusal systems are related; 
and, of particularly current interest, whether there 
are more than one type o f static y motoneuron. As we 
shall see, the dynamic and static systems, whether y 
and /?, are highly segregated. This leaves little doubt 
that the motoneurons concerned are differentiated in 
the adult, having become so at the latest during 
peripheral reorganization of the fusimotor inner-
vation. I shall argue that the static y neurons, on the 
other hand, are not themselves differentiated into two 
or more types despite compelling evidence for some 
differential distribution among their two effectors, b3 
and c fibres. 
3.1. T H E I N T R A F U S A L D I S T R I B U T I O N OF M O T O R A X O N S 
Although the principal diagnostic features of 
intrafusal-fibre types remain their histochemical 
staining properties, subsidiary characteristics have 
been identified that allow fibres to be recognized in 
preparations suited to tracing directly the intrafusal 
distribution of motor axons. To the classical fibre-size 
and nuclear morphology (Boyd, 1962) have been 
added partial dissociation of b, from the remaining 
fibres in the equatorial region (Banks et al., 1977), and 
the presence of elastic fibres most prominently 
associated with b2 in the polar region (Gladden, 1976). 
It is thus possible to identify the fibre types in 
transverse sections of spindles embedded in epoxy 
resin. The intrafusal distribution of motor axons may 
be reconstructed from serial sections (Banks, 1981), 
with sufficient resolution to trace easily all myelinated 
axons and even the larger unmyelinated ones. 
The greatest number o f such reconstructions has 
been carried out for one muscle, the tenuissimus of the 
cat (Arbuthnolt etal., 1982; Banks, 1981; Banks el al., 
1981; Kucera, 1982a, 1983, 1984a, b, c; Kucera and 
Hughes, 1983a; Kucera el al., 1984; Kucera and 
Walro, 1987, Sutherland el al., 1985). Results from 
three independent laboratories reveal similar distribu-
tional patterns (Table 1 a), in particular an almost total 
segregation of the motor input to the b, f rom that to 
the remaining fibres. Indeed, only 55 out of 250 (22%) 
intrafusal motor branches were supplied to more than 
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one type of fibre, these examples overwhelmingly (45, 
19%) involving b, and one or more c fibres. The b, was 
only ever coinnervated with a single chain fibre, at least 
one example being reported by each laboratory. The 
c fibre involved was always among the longest present 
in the pole. The histological evidence cannot rule out 
the possibility that in each case the motor branch 
concerned was part of a /? axon, although Sutherland 
et al. positively identify one of their examples as a y 
axon. This was presumably on the basis of coincident 
movement of the b, and c fibres on stimulation of a 
slowly conducting axon in the ventral root, another 
instance of which had been previously reported by 
Gladden in Arbuthnott el al. (1982). In addition, 
intrafusal branches o f P axons undoubtedly make up 
some of the selective supply to b, and c fibres (Banks, 
1981; Kucera, 1984a, b, 1985a, b; Kucera and Hughes, 
1983; Kucera et al., 1984; Sutherland et al., 1985). 
Identification of the fl input will be considered in detail 
below; for the moment it is sufficient to note that in the 
case of the c fibres, (i innervation is essentially restric-
ted to Ic poles (including Kucera's (1980a) intermedi-
ate category), which are listed separately in Table 1. 
The converse that the presence of Ic fibres implies /? 
innervation is, however, certainly not true (Banks el 
al., in press, a). This is particularly clear for the 
superficial lumbrical which has a high proportion of Ic 
fibres (Decorte el al., 1987), though apparently very 
little P innervation of them (Banks et al., in press, b). 
Despite the large number of spindles used in the 
serial-section analyses they may not represent a fair 
sample of the tenuissimus, some having been selected 
to illustrate specific features of innervation (e.g. 
Kucera and Hughes, 1983), whereas others were 
derived from correlative physiological studies which 
tended to utilize particular parts of the muscle. Since 
there may be regional and individual variations in the 
pattern of motor innervation as there are in the sensory 
innervation (Banks and Stacey, 1990), it is important 
that some information be obtained about complete 
muscles. This has now been achieved in one case, again 
using the cat tenuissimus in a correlative histophysio-
logical study (Banks, 1991, and in press). In these 
experiments the muscles were silver-impregnated, and 
the spindles, together with the intramuscular nerves, 
were teased out and examined in whole mounts. 
Intrafusal fibres were identified by size, equatorial 
nucleation, differential presence of elastic fibres, and 
details of the primary sensory endings (Banks et al., 
1982). Intrafusal branches of motor axons were traced 
in camera lucida drawings using an oil-immersion, 
100 x objective. Under these conditions virtually all 
the branches could be traced with complete confidence 
throughout their intrafusal distribution (Fig. 2) and in 
some cases well into the intramuscular nerve. 
The results of this distribution analysis are 
summarized in Table l b . The complete muscle is 
designated by its laboratory identification (C883); it 
wil l be referred to again on several occasions. The close 
similarity between the results of the silver and of the 
serial-section analyses (Table Id) serves to increase the 
confidence that can be placed in the individual results 
obtained by either technique. Again, with one possible 
exception, b, fibres were supplied alone, or rarely, in 
common with a Ic pole. The exception occurred in a 
spindle with three bag fibres, so some doubt remains 
over the identity of the b, in this case, particularly in 
view of the occasional presence in such spindles of 
fibres having poles of different types (Kucera. 1981a). 
There can be no doubt, however, that in other 
muscles of other species coinnervation o f t , with b2 and 
often c fibres as well, occurs quite commonly 
(Arbuthnott et al., 1989; Kucera, 1985c,d; Kucera 
et al., 1991; Walro and Kucera, 1984, I985a,b). In 
particular, human spindles may receive such inner-
vation, though as yet very little information is 
available. Kucera (1986) has reconstructed the 
following distributions of 13 intrafusal branches to a 
single biceps brachii spindle that contained 2b,, \b, 
and 4c fibres: b,, 7 axons, of which 6 supplied both b, 
fibres; b2. 1; c, 2; b, c, 1; and b,b2c, 2 axons. Intrafusal 
motor distributions for the lumbrical, extensor 
digitorum longus ( E D L ) and soleus muscles of the rat 
and for the macaque lumbrical are summarized in 
Table 2. The proportion of those branches that supply 
b, together with other types ranges from 10% in rat 
E D L to 22% in macaque lumbrical. There has been 
some dispute concerning the interpretation of the 
results obtained by the two groups who carried out the 
work (Walro and Kucera, 1990; Gladden, 1990), 
though both agree on the significant presence (4-11 % ) 
of some branches that supply all three types o f fibre. 
The many detailed studies referred to above 
demonstrate that i f such branches occur at all in the 
cat tenuissimus they must be very rare, but in the 
absence of equivalent information for other muscles it 
is not clear to what extent the cat or its lenuissimus is 
unusual in this respect. It is worth recalling, however, 
the results of Barker and Cope (1962) who also 
produced some reconstructions, but based on wax 
sections and de Castro staining. Although this work 
was carried out long before the two types of 
nuclear-bag fibre were recognized, it is possible lo infer 
from their reconstructions that they encountered some 
intrafusal motor branches distributed to all three types 
of fibre in spindles of cat rectus femoris and soleus. 
The results of Table 2 suggest that variability in the 
proportion of intrafusal motor branches that supply b, 
with other fibre types is only part of a larger 
phenomenon that wil l require considerably more 
comparative studies before its significance can be 
evaluated. Thus (Table 3) there is a wide range in the 
proportion of intrafusal branches that have mixed 
distributions (18% in rat lumbrical to 46% in macaque 
lumbrical), and the proportions of these that involve 
the b, vary greatly, as, to a lesser extent, do those 
involving b2 and c fibres. One constant feature does 
emerge for each muscle: of all the intrafusal branches 
supplying a particular type of fibre, the proportion 
that is exclusive to that type is greatest for b, and least 
for b2. Indeed, in each case, the majority of branches 
supplying b, do so exclusively, whereas the majority of 
branches to b, also supply other fibres, usually c. 
3.2. T H E C O M P L E T E D I S T R I B U T I O N or M O T O R A X O N S 
H A V I N G I N T R A F U S A L B R A N C H E S 
The problem of determining the complete distri-
butions of parent motor axons having intrafusal 
branches is inextricably linked with that of the 
distinctions between p and y axons and their static and 
dynamic categories. For although Crowe and 
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Matthews (1964) have shown that single axons 
normally elicit the same effect, whether dynamic or 
static, in each of the spindles innervated in common, 
it does not necessarily follow that this is achieved by 
segregated inputs to different types of intrafusal fibre. 
Indeed, during the decade following Crowe and 
Matthews' work, and until the separate identities of 
the b, and b2 fibres were recognized, an alternative 
possibility seemed equally likely in view of the known 
intrafusal distribution of the motor axons: that a single 
type of muscle fibre could respond with different types 
of contraction to static or dynamic y activity. As we 
shall see, a similar kind of reasoning has more recently 
been applied in suggesting that there may be more than 
one type of static y axon. 
There are daunting technical problems involved in 
directly tracing the complete distributions of indi-
vidual axons in muscles with intact motor innervation. 
To date only one such study has been published, in 
which Adal and Barker (1965a) examined deafferenled 
proximal pole 
distal pole 
extrafusal motor 
endplate to scale 
a. 
b a 8 2 bag. 
b a 8 i ' ^bag. 
proximal pole 
b 2 I 
•Z 
distal pole 
n 
\ 
v. 
c c 
F I G . 2. Camera-lucida drawings of: (a) the complete innervation of a muscle spindle from cat tenuissimus, 
consisting of a primary (P) and three secondary (S) sensory endings flanked by motor endings in the distal 
and proximal poles; and (b) details of the motor innervation. In (b) arrows-mark the incoming axon to each 
ending or group of endings. The two endings on the distal pole of the b, fibre were derived from a single 
intrafusal axonal branch. All the b, endings are morphologically of the p, type, indicating that their parent 
axons have skeletofusimotor distributions. The spindle is number eight from muscle C883: its location with 
respect to other spindles in its muscle is given in Fig. 1 1 ; a schematic diagram of its innervation, together 
with the other spindles of that muscle is given in Fig. 17. 
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T A B L E 2. T H E NUMBERS A N D PROPORTIONS OF TOTALS ( % I N PARENTHESES) OF 
INTRAFUSAL M O T O R A X O N A L BRANCHES H A V I N G DIFFERENT DISTRIBUTIONS (a) I N 
L U M H R I C A L ( L U M ) , EXTENSOR D I G I T O R U M L O N G U S ( E D L ) A N D SOLEUS(SOL ) MUSCLES 
OF THE R A T . A N D (b) I N LUMBRICAL MUSCLE OF THE M A C A Q U E , AS A N A L Y Z E D BY 
RECONSTRUCTION FROM SERIAL SECTIONS 
Source 
(a) Rat Kucera el al. Arbuthnott el al. 
(1991) (1989) 
distribution L U M E D L S O L S O L 
b, 48(62) 45(53) 26(39) 9(23) 
b,c 3(4) 0 3(4) 2(5) 
c 15(19) 10(12) 4(6) 12(30) 
b,c 4(5) 15(18) 16(24) 8(20) 
b, 0 7(8) 7(10) 6(15) 
b,b 2 2(3) 5(6) 6(9) 0 
b,b,c 5(6) 3(4) 5(7) 3(8) 
(b) Macaque Source 
Kucera (1985d) 
distribution L U M 
b, 17(31) 
b,c 2(4) 
c 9(16) 
b,c 13 (24) 
b, 4(7) 
b,b. 4(7) 
b]b,c 6(11) 
lumbrical muscles of the cat using leased, osini-
umtetroxide-stained preparations. The results showed 
considerable individual variation in the extent of 
axonal branching within a muscle (Fig. 3), and in the 
overall patterns of innervation displayed by each cat. 
But particularly important was the histological 
confirmation of the existence in a mammal of skeleto-
fusimotor axons, which had recently been demon-
strated physiologically by Bessou el al. (1963). 
Further progress depended on the development, in 
the late 60s and early 70s of combined hislophysiolog-
ical techniques, often very elegant. These included: 
reduction of the motor innervation to a single y axon 
(Barker et al., 1973); glycogen depletion of intrafusal 
fibres during prolonged y activation (Brown and 
Butler, 1973); and direct observation of living spindles 
with intact nerve and blood supply (Bessou and Pages, 
1973; Boyd el al., 1973). Common to all these, of 
course, was the isolation in dorsal and ventral root fila-
ments of functionally single afferent and efferent axons 
(Kuffler et al., 1951). We shall next consider the results 
that have been obtained with these techniques and 
their successors, and that are relevant to the complete 
distribution of motor axons with intrafusal branches. 
3.2.1. Dynamic and static y and /} axons 
De-efferentation of the cat tenuissimus apart from 
a single y axon, followed by functional identification 
of the intact axon and by histological analysis of its 
distribution using teased, silver-impregnated prep-
arations, allowed Barker et al. (1973) to establish the 
distributions o f six static axons (Table 4). Each axon 
supplied from four to seven spindles. In individual 
T A B L E 3. A COMPARATIVE SURVEY OF THE INTRAFUSAL DISTRIBUTIONS OF M O T O R 
A X O N A L BRANCHES BASED ON THE D A T A G I V E N I N TABLES I A N D 2 
Species/muscle 
Rat 
Cat Macaque 
tcnuissimus L U M E D L SOL L U M 
(a) Proportion of intrafusal branches with mixed distributions 
19 18 28 40 46 
(b) The proportion of mixed-distribution branches that involve each type of fibre 
b, 11 71 35 44 48 
b, 90 79 100 88 92 
c 99 86 78 86 84 
(c) The proportion of branches to each type of fibre that are exclusive to that type 
b, 95 83 85 65 59 
b 2 47 0 23 25 15 
c 59 52 36 30 30 
Values are percentages. 
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F I G . 3. (a) Transverse section ofthe osmium-tctroxide-stained nerve of a dcaffcrented lumbrical muscle from 
cat hindlimb. (b) Whole mount of a more distal portion of the same nerve, (c) The intramuscular branching 
patterns of the seven y axons revealed by teasing. All branches were myelinated; those shown while were 
less than 3 /mi in diameter. Note that the largest stem axons tend to have the widest distributions. From 
Adal and Barker (1965a). 
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T A B L E 4 . T H E DISTRIBUTION OF SINGLE STATIC G A M M A 
AXONS TO BAG A N D C H A I N INTRAFUSAL FIBRES I N SIX C A T 
TENUISSIMUS MUSCLES, AS REVEALED BY ANALYSIS OF SILVER-
IMPREGNATED, TEASED SPINDLES PREVIOUSLY DE-EFFERENTED 
A P A R T FROM THE O N E y A X O N I N E A C H CASE 
Pole A Pole B 
Cat Spindle b fibres c fibres b fibres c fibres 
C T 2 1 c 4 c 4 
2 b 5 c W 
4 c"c !c 4 b" c'c 2c 7 
7 b 5 
C T 3 2 b 1 3 c 7 c 4 
3 c l 8 c 7 c'c 1 2 
11 b 4 c 8 
C T 4 1 b 4 CI2 b 7 C4C2C2C2 
2 b 7 
3 b 1 8 c ' V b 1 0 
6 b 1 2 
C T 8 1 C8 c 1 4 
2 b 3 °b 3 C8C5 
3 b 2 2 C4CI0 
5 b 1 8 
6 b 1 4 C7C3 
7 b 2 4b" b' C 8C 7C 3 
8 b 1 0 
C T 1 0 1 b 6 
2 b 4 C8C5CSC4 b 5 C4C6C2C5 
3 C26C8C3 
4 c W 
5 C 1 3 
6 b 6 C 2C 2 b3 c' 2c 7c 3c" 
7 c ' O c W 
C T 1 1 1 b" c'c 3 
3 b 7 
5 b 2 c 5 
7 b 1 2 
8 c 8 
Each fibre is shown with the number of motor terminals 
that it received. From Barker el al. ( 1 9 7 3 ) . 
spindles (30) the bag and chain fibres might be 
innervated separately (bag seven spindles; chain, eight 
spindles) or together (15 spindles); but the complete 
distribution of a single axon always included both 
types. In most spindles, bag-fibre innervation was 
restricted to only one of the two bag fibres usually 
present. 
Brown and Butler (1973) used glycogen depletion to 
infer the distribution of both dynamic and static y 
axons, again in cat tenuissimus. They found that 
stimulation of dynamic axons almost exclusively 
depleted bag fibres, often just one in each spindle, 
whereas static axons usually depleted both bag and 
chain fibres together, and often more than one bag 
fibre in each case. 
With the third technique, observation o f living 
spindles, Bessou and Pags (1975) found that dynamic 
y stimulation produced movements in bag fibres, that 
static y stimulation produced movements equally often 
in chain fibres, bag fibres or both, and that 
dynamically activated bag fibres (11 examples) were 
never also activated by static axons. 
The apparently conflicting results of the glycogen 
depletion and direct observation experiments were 
confirmed following the separate recognition of/>, and 
b2 fibres. Barker et al. (1976a) reported the glycogen 
depletions produced by single dynamic or static y 
axons in as many as seven spindles of cat tenuissimus. 
The four dynamic axons always (17 examples) 
depleted b, fibres, rarely with a Ic pole (two examples) 
orab2 fibre (one example) in addition. The eight static 
axons apparently depleted all three types of fibre in 
various combinations: b,, 3; b, and c, 6; b, and b;. 4; 
b,, b,and c, 3; b2and c, 9; b2,1; and c, 6 (Fig. 4). Overall 
the two types of bag fibre were depleted equally often 
during static y stimulation, and a similar result, though 
with less apparent b, involvement, was subsequently 
obtained from cat peroneus brevis by Emonet-Denand 
et al. (1980). However, with direct observation Boyd 
et al. (1977) showed that dynamic axons (y or /?) 
always activated b, fibres, whereas static y axons 
activated b, alone ( I I axons), c alone (12 axons) or 
both b2 and c (nine axons), but never bt. For this they 
combined a tenuissimus preparation similar to that of 
Bessou and Pages (1975) with Gladden's (1976) 
observations on elastic-fibre distributions. 
Further support for the frequent innervation of b, 
fibres by static axons, this time in cat soleus, was 
provided by Emonet-Denand et al. (1977b), who 
described categories of primary-ending responses to 
stimulation by single y axons that were intermediate 
between pure static or dynamic effects and that could 
be mimicked by simultaneously activating the two 
pure effects in appropriate measure. I f the intermedi-
ate effects were due to co-innervation of b, with b,. c, 
or both, this would eliminate a possible reconciliation 
of the results obtained by glycogen depletion and 
direct observation: that the b, fibres were innervated 
by static y axons, but their neuromuscular junctions 
were ineffective in eliciting b, contraction even though 
they could produce glycogen depletion. Again, 
however, direct observation with tenuissimus contra-
dicted the joint activation of b, with other types of fibre 
in the generation of the intermediate effects (Boyd 
et al., 1979), though the possibility of a genuine 
difference between muscles must remain until the 
motor innervation of soleus spindles has been 
analyzed histologically. 
The results of the first histological analysis o f the 
intrafusal motor supply following the differentiation 
of the two types of bag fibre (Banks, 1981) have been 
described above. They unequivocally demonstrated 
that b, fibres could not share their motor input with b, 
or c fibres anywhere nearly often enough to account 
for the glycogen depletion of b, during static y 
stimulation, at least in cat tenuissimus, and implied 
that these depletions were largely, i f not entirely, 
arte factual. It should be recalled, however that 
depletion of only b, was rare during static stimulation, 
so that the artefact seems to involve some factor, such 
as K + accumulation, arising from the activity of b2 or 
c fibres. This was borne out in experiments by Decorte 
et al. (1984) who found that b, depletion resulting from 
static y stimulation was only common when there was 
evidence that the activated intrafusal fibres had been 
fatigued. The existence of non-neural activation of 
the b, has also been attested in connection with its 
possible role in enhancing the dynamic sensitivity of 
R . W . BANKS 
Gamma statics 
Cat Conduction Distal pole 
velocity 
(m,'sec) 
CD 33 
GO 37 
CD 17 
GD 40 
GO 1 8 
GO 34 
GO 44 
GO 38 
1 9 
1 9 < 
0 © « o « 
) • • • • 
©O©«o««« 
0 © o o o « 
23 { © © © • • • • 
oO»»o#«« 
28 
34 i 
39 < 
45 • 
• •• 
oO«««« 
••• 
•••• 
• •o 
OOooo» 
• • • • 
• •oo 
• • • o 
oo»»» 
•••• 
• • 0 « « 0 
Proximal pole 
( ; ) © • • • • 
© © • • o 
)»o»» 
) • • • • 
)oo««o 
)o»oo 
0 ® N O M < 
© 0 © » o « « 
OoO»«» 
oO»««« 
© © • • o 
) • • • 
•••• 
ooo»«« 
o««* 
•o»» 
• • • 
O O t O M I 
©©••••• 
©Oo»»« 
©©•••• 
•oooo*« 
• • 0 0 » « 
F I G . 4. Schematic diagram lo show the patterns of glycogen depletion seen in cat tenuissimus spindles 
following prolonged static y stimulation. Each y axon was from a separate experiment designated by its 
laboratory identification (e.g. GD33). Activity in single axons depleted fibres in up to seven spindles. Filled 
symbols indicate undepleted fibres: large, coarse stipple, b2; medium, fine stipple, b,; small, black, c. Empty 
symbols indicate depletion. Note that every axon depleted at least one c fibre and thai the b, was not depleted 
by the three slowest axons. From Barker el al. (1976b). 
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the primary ending. Decorte et al. (1986) showed that 
stretch alone could produce depletion in most (70%) 
of the b, fibres in de-efferented lumbrical muscles, but 
not in c fibres and only rarely (7%) in b,.\\follows that 
the results of glycogen-depletion experiments during 
dynamic stimulation are not invalidated, nor those 
relating to b2 or c fibres during static stimulation. 
Skeletofusimotor (/?) axons were first revealed in cat 
lumbrical muscles by the persistence of their intrafusal 
effects after all extrarusal transmission had been 
eliminated by curare (Bessou el al., 1963). They were 
dynamic in action with conduction velocities between 
131 and 61 msec - 1 . Emonet-Denand et al. (1970) 
subsequently found both dynamic and static /? axons 
in rabbit lumbrical; indeed they found only (i axons in 
this muscle, despite looking for purely fusimotor ones. 
It may be noted here that the conduction velocities of 
the dynamic (27-70 msec - 1 , mean 40.1 msec - 1 , n = 8) 
and static (37-50 msec - 1 , mean 43.5 msec - 1 , n = 4) 
axons did not differ, in contrast to the situation that 
later became familiar from studies on the cat (see 
below). Despite both histological and physiological 
evidence for the widespread and frequent occurrence 
of P axons in various species as well as in several 
hindlimb muscles of the cat (Adal and Barker, 
1965a, b; Barker et al., 1970; Emonet-Denand et al., 
1970; Emonet-Denand and Laporte, 1975; KJdd, 1964; 
McWill iam, 1975), they seem to have been widely 
regarded as a vestige of the mammal's reptilian 
ancestry, until Emonet-Denand et al. (1975) provided 
physiological confirmation of the histological results 
concerning several of the larger hindlimb muscles. The 
importance of skeletomotor axons, at least numeri-
:ally, could no longer be denied. Studies on their 
distribution soon followed, as well as confirmation of 
i further prediction from the histology (Barker et al., 
1970): that they were more common than could be 
iccounted for by the relatively slowly conducting 
ixons so far described, and that consequently some 
aster-conducting axons should prove to be fi also. 
Glycogen depletion elicited by dynamic /? stimu-
ation in tenuissimus and peroneus brevis o f the cat 
yielded intrafusal distributional patterns virtually 
identical to those of dynamic y axons (Barker el al., 
977). The b, was depleted in one or both poles of 18 
: pindles with, in only one each of these spindles, a b, 
fibre or Ic pole in addition. Individual axons supplied 
up to four spindles in the portions of the muscles 
( xamined histologically. The extrafusal component of 
their motor units was composed of slow-oxidalive 
fibres, equivalent to Brooke and Kaiser's (1970) type 
I (see also Burke and Tsairis, 1977). 
Glycogen depletion was again used to demonstrate 
tjhe occurrence and incidence of rapidly conducting /? 
axons in peroneus tertius (Harker el al., 1977) and 
tenuissimus (Jami et al., 1978, 1979) of the cat. 
Stimulation o f groups of axons conducting -fcteaT 
8;5 msec"1 or more resulted in the longest c fibre being 
depleted in one or both poles in 26 of 99 (26%) 
peroneus tertius and 14 of 46 (30%) tenuissimus 
spindles. In ten and three of these spindles respectively 
an additional one or, rarely, two c fibres were depleted, 
almost always the next longest fibres. When present, 
long c fibres, as originally defined by Barker et al. 
(1976b), were among those depleted. The remaining 
depleted fibres would presumably fall into Kucera's 
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F I G . 5. Histogram of the conduction velocities of 1 1 4 
skeletomotor axons in peroneus tertius of the cat. Filled 
blocks indicate those with intrafusal effects also: black, 
dynamic; hatched, static. The extrafusal motor unit types 
associated with the skeletofusimotor axons were slow ( S ) , 
fast, fatigue-resistant (FR) , or fast, fatiguable ( F F ) as shown. 
The static-associated units not individually identified were 
F R . Note the high proportion of skeletofusimotor effects 
shown by the more slowly conducting axons. From Jami et 
al. (1982a). 
(1980a) intermediate category. Taking both muscles 
together, in three of the spindles the b, and in one 
spindle the h2 were depleted as well as the c fibres. 
Additionally and only rarely, the b, and possibly b, 
(two spindles) or the b, (one spindle) but not c fibres 
were depleted. As expected, inclusion of axons 
conducting at 60 msec - 1 or more resulted in a similar 
overall pattern of depletions but with greater b, 
involvement (Jami et al., 1978). In this case 19 of 47 
spindles (40%) contained depleted fibres, 12 of them 
(25%) again involving the longest c fibres, and nine 
(19%) the b,. As estimates of the proportion of 
tenuissimus spindles that receive (i innervation these 
must be considered minimum values since some fi 
axons are known to conduct at less than 60 msec - 1 , 
neither was it possible to stimulate all axons 
conducting at 60 msec - 1 or more that were identified 
in ventral-root filaments. In practice about 90% 
(65/71) were included. 
Jami et al. (1979, 1982a) demonstrated that the 
rapidly conducting axons usually had static effects and 
could excite secondary endings, as was expected on the 
basis of their predominantly c-fibre intrafusal 
distribution. In cat peroneus tertius they (Jami et al., 
1982a) identified as /? 36 (32%) of 114 motor axons 
with conduction velocities between 56 and 104 msec - 1: 
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24 were classified as static and 12 as dynamic (Fig. 5). 
Together these activated 49% (28/57) of primary and 
50% (19/38) o f secondary endings. Usually only a 
single /? axon affected each sensory ending, but two or, 
rarely, three might do so, generally at least one of each 
functional category. Since the primary endings are 
normally distributed to all the intrafusal fibres, their 
responses may be taken to reflect the balance of motor 
effects elicited by the isolated p axons. From a total 41 
effects, 18 were dynamic. This is a greater proportion 
(44%) than is the number of dynamic axons compared 
to the total (12/36, 33%), and may indicate that on 
average the dynamic P axons supply more spindles 
than do their static counterparts, an observation that 
has just been confirmed by Emonet-Denand et al. 
(1992). Adal and Barker (1965a), in their study on the • 
intramuscular distribution of motor axons in cat 
lumbrical muscles, noted an approximately reciprocal 
relationship between the diameter and intrafusal 
contribution of five skeletofusimotor axons (Fig. 6). 
Again this may be accounted for i f the slower and 
therefore smaller dynamic P axons are distributed 
among more spindles than are the static ones. 
J ami et al. (1982a) and Emonet-Denand et al. (1992) 
have provided the fullest descriptions so far of the 
extrafusal composition o f p motor units. In peroneus 
terlius there is a clear distinction between slow and fast 
units and a close correlation with axonal conduction 
velocity (Fig. 5), the two types segregating at about 
75-80 msec - 1 . The clear distinction between dy-
namic/slow and static/fast fi units exists also in 
peroneus b re vis, but here correlation with axonal 
conduction velocity is no longer so close due to the 
very wide range of velocities of the dynamic axons 
(50-85 msec - 1 ) overlapping considerably that of the 
static axons (75-95 msec 1 ) . Emonet-Denand et al. 
(1992) observed that the proportions of spindles 
innervated by dynamic and static skeletofusimotor 
axons in peroneus brevis (dynamic, 68.5%; static, 
17.1 % ) and in peroneus tertius (dynamic, 50%; static, 
40%) reflect in a general way the relative proportions 
of the slow and fast, fatigue-resistant extrafusal motor 
units in those muscles. 
Although slow units form only 23% of the total in 
peroneus tertius (Emonet-Denand et al., 1988) they 
include a disproportionately large number o f P units. 
Thus, of the axons that conducted at 75 msec - ' or less 
in the study of Jami et al. (1982a), 11 out of 17 (69%) 
were /?, whereas of those that conducted at more than 
80 msec"1 only 23 out of 82 (28%) were. Within the 
fast motor units, as in the complete motor-unit popu-
lation, those with an intrafusal presence are predomi-
nantly of the relatively slower (fast-fatigue resistant) 
group at least as judged by their physiological 
properties (Jami et al., 1982a; Emonet-Denand et al., 
1992). The lower average conduction velocity of p as 
compared to a axons (McWilliam, 1975) is, therefore, 
a consequence of sampling this distributional pattern. 
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F I G . 6. Diagram of the intramuscular branching patterns of five skeletofusimotor axons (and three y axons, 
D, if, ,v) from I st or 2nd deep lumbrical ( D L ) muscle of cat hindlimb. Their intrafusal (Sp) and extrafusal 
(X) distributions are indicated. Note the approximately reciprocal relationship between stem-fibre diameter 
and extent of intrafusal involvement. Axons were traced by teasing deafferented muscles stained with 
osmium tetroxide. From Adal and Barker (1965a). 
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, rather than arising from two distinct populations of 
| neuron. In addition, the maximum tetanic tensions of 
corresponding types of a and P motor units are 
indistinguishable,' further emphasising their essential 
, unity (Jami et al., 1982a). 
Barker et al. (1992), using serial sections and 
glycogen depletion, have reconstructed the motor unit 
of one dynamic P axon (c.v. 72 msec - 1 ) and sampled 
the motor units of three static P axons (c.v.s. 
90-95 msec - 1 ) f rom peroneus tertius. Whereas it is 
generally supposed that extrafusal motor units are 
homogeneous, they found that the extrafusal -
components of these units consisted of a mixture o f 
fibre types, but predominantly type I (slow) or type 1IB 
(fast-fatiguable) in the slow and fast units respectively. 
3.2.2. Variability of static responses and the 
distribution of static y axons 
Recognition of the artefactual nature of b, glycogen 
depletion during static y stimulation removed the 
major obstacle to supposing that the mechanical 
properties of active intrafusal muscle fibres are 
characteristic for different types of fibre, and are 
separately responsible for mediating dynamic and 
static fusimotor effects. The existence and distri-
butions of dynamic and static P axons lends further 
support to this idea. Moreover, since b2 and c fibres 
may be supplied separately or together by single 
intrafusal branches of static y axons, it should be 
possible to provide a consistent explanation for the 
[variety of static fusimotor responses shown by 
individual sensory endings and hence to infer the 
overall distribution o f static y axons. 
Using direct observation of living cat tenuissimus 
Spindles, Boyd and his colleagues (Boyd et al., 1977, 
1993a; Boyd, 1981) showed that entrainment of the 
primary ending at the stimulus frequency or a 
Jsubmultiple of it (1:1 driving, 1:2 driving, and so on), 
over some range of input frequencies, was due to the 
rapidly contracting c fibres, as others had speculated 
(Matthews, 1972). Driving was rarely produced by the 
6, fibre acting alone, which characteristically biased 
the primary response, increasing both its mean firing 
rate and, to some extent, its variability. Initially 
Co-activation of A, and c fibres was said always to result 
in primary driving, usually more secure or to higher 
frequencies, than that produced by c fibres alone 
(Boyd et al., 1977). Later, however, Boyd (1981, 
1986) does not make clear how co-activation was 
recognized. 
Subsequently Boyd (Boyd <?/«/., 1983b; Boyd, 1985, 
1986) used these correlations, and others involving 
secondary endings (Boyd, 1981), to infer the distri-
bution of single static y axons among several spindles: 
He-concluded that, almost without exception, each 
a'xon always supplied either b2 or c fibres, though not 
always exclusively so, and that therefore there exist 
tAvo kinds of static y motoneuron which he proposed 
to call, static bag and static chain y motoneurons 
respectively (Boyd, 1986). His evidence, however, is 
not compelling, and is contradicted by that o f others. 
| It is undeniable that some axons predominantly 
supply one or other type of fibre (Barker et al., 1973, 
l$>76a), or might appear to do so i f only part of their 
d stribution can be determined (Banks et al., 1985a). 
But this is to be expected, to some extent, even i f the 
intrafusal branches of individual axons are randomly 
distributed to b2 or c or both. The key issue is. of 
course, the degree to which the overall distribution of 
axons is mixed, including whether single axons often 
innervate b: and c fibres separately in different 
spindles. The most direct evidence relevant to this 
problem is provided by the experiments of Barker et al. 
(1973) in which the tenuissimus was deefferented apart 
f rom a single static y axon. Not only did each of the 
six axons thus isolated supply both b, and c fibres (in 
3 to 7, average 5 spindles), but the three most widely 
distributed had intrafusal branches to b. and c fibres 
alone in separate spindles (Table 4). Glycogen 
depletion, while less direct, confirms these results 
(Fig. 4): in five out of six experiments (Barker et al., 
1976a), where depletions were produced in al least two 
spindles on stimulation of a single sialic y axon, both 
6, and c fibres were involved. Again, three ofthe axons 
each appeared to innervate b} and c fibres separately 
in different spindles. The sixth experiment resulted in 
depletions in c fibres alone (ignoring b,) in six spindles. 
Boyd (1986) used the responses evoked by the 
activity of 37 static axons to infer the axonal distri-
butions within and among 57 spindles. Although he 
reported a large number (17) that supplied either b, (5) 
or c (12) fibres alone, most of these {b, 3, c 12) evoked 
positive responses from, or were lesied on, only two or 
three spindles. A further 20 axons produced overall 
mixed effects (in 1-6, mostly two or three spindles), but 
only one of them appeared to innervate b2 and c fibres 
alone in different spindles. Since the proportion of 
axons giving mixed effects was much greater when, for 
whatever reasons, more spindles were included (6/8, 
75%, of axons to 4-6 spindles; 14/29, 48%, of axons 
to 1-3 spindles), it seems likely that many of the restric-
ted but exclusively b, or c distributions were actually 
part of larger, mixed distributions. Nevertheless there 
is still a discrepancy between Boyd's (1986) obser-
vations and the histological data in that he attributed 
a rather small proportion (25%) of individual effects 
to activation o f both b, and c fibres, and a very high 
proportion (47%) to c fibres acting alone. 
Boyd (1986) used this discrepancy lo argue that 
some of the intrafusal motor connexions are 
ineffective; thus, although the actual distributions of 
static y axons might not obviously segregate into two 
types, what matters functionally is that their effective 
distributions would do so. However, not only would 
numerous ineffective connexions be unusually 
profligate, but the frequent provision of the complete 
polar static y supply by single intrafusal motor 
branches (see Section 3.4) would imply that many 
intrafusal fibre poles were effectively without motor 
input. Since the axons and terminals are undoubtedly 
present, this seems to be intrinsically unlikely. In fact, 
both glycogen depletion (Barker et al., 1976a) and 
observation of intrafusal fibre-movements (Bessou 
and Pages, 1975; Boyd et al., 1977) indicate that A, and 
c fibres are activated together in single poles about as 
often as the histological data suggest. 
There are, of course, other possibilities that might 
account for the apparent paucity of joint innervation 
of b2 and c fibres by single intrafusal motor branches 
in Boyd's (1986) observation. Length-dependency of 
the driving response (Banks, 1991; Bessou et al., 1968; 
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F I G . 7. Instantaneous frequency (calculated as reciprocal interspike-inlerval) displays showing the 
responses of a primary ending from cat tenuissimus to ramp-and-hold stretch in the absence (lest) and the 
presence of motor stimulation at various frequencies. The motor axons all had static effects on the primary 
responses, yl and y2 producing different amplitudes of biassing, y3 and the skeletofusimotor (/?) axon both 
driving. Note that the driving y has the slowest conduction velocity. Each response plot includes a continuous 
baseline representing zero frequency. Muscle length is indicated at the bottom of each column, extension 
by upward displacement of the line. From Banks (1991). 
Boyd et al., 1985) might be a contributory factor, as 
could Boyd's use of secondary-ending responses alone 
to infer static y distributions in some spindles. But 
perhaps most important could be a combination of 
variability in the intrafusal mechanical components 
with non-linearities in the mechanical transmission to 
the sensory endings. Thus the number o f c fibres 
present and the proportion o f them activated by 
single intrafusal motor branches can undoubtedly 
affect sensory responses (Jami et <i/.,1980). Non-linear 
mechanical coupling between intrafusal fibres has yet 
to be systematically studied, but it is indicated by 
juxta-equalorial kinking of c fibres at short muscle 
lengths and unloading o f c fibres by b, contraction 
(Boyd, 1976; Poppele and Quick, 1985), while some 
tension presumably remains in the c fibres equatorially 
(Banks, 1986,1991). Such effects could account for the 
instances of joint b,c activation that Boyd (1986) 
acknowledges were only found after observation of 
intrafusal-fibre movements in the spindles concerned. 
Since 44% (11/25) o f intrafusal branches that were 
identified by Boyd as jointly supplying b2 and c fibres 
occurred in the directly observed spindles, but only 
21 % (12/57) of spindles were observed, his estimate of 
the numbers of branches to both types of fibre is most 
probably too low. 
Finally, another and unrelated effect could have 
contributed to the apparent discrepancy. Boyd used 
the mid-portion of the tenuissimus muscle, which 
receives the nerve supply and contains the proximal 
part of the main intramuscular division of the nerve. 
As wil l be shown below (Section 3.5) it is in just this 
region that the greatest amount of segregated static 
input tends to occur. 
Some of the spindles that were observed by Boyd 
were subsequently reconstructed from serial sections 
as a check on the inferred patterns of innervation 
(Sutherland et al., 1985). This is extremely time-con-
suming, so that necessarily only selected spindles can 
be examined. To overcome this problem, Banks (1988, 
1991) combined physiological mapping with silver 
staining, so as to allow an extensive correlation of the 
physiological and histological results. A series o f 
critical correlations established the following relation-
hips: (i) driving of primary endings at the stimulus 
frequency over some part of a range of fixed 
frequencies f rom about 50-100 Hz was due to c fibres 
acting alone. In one case, consistent with the 
observations of Jami et al. (1985a,b) on static p axons, 
driving was produced by a rapidly conducting 
(85 rns"1) axon. The histology subsequently indicated 
that the effect was mediated by a single Ic pole, (ii) 
Biassing o f the primary response with no sign of 
driving at the fundamental or subharmonic stimulus 
frequencies was due to i j - f ibre activity, either alone or 
combined with c fibres. Examples of these correlations 
are shown in Figs 7-10. 
Some responses could not be placed into either the 
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1:1 driving or biasing categories, in that they combine 
features of the two. For example, at high stimulus 
frequencies driving axons typically evoked high mean 
frequency, highly variable primary-ending responses, 
an effect that in some cases was combined with an 
otherwise typical biasing response. Alternatively, 
driving might be present but not well developed, 
perhaps occurring at a very restricted range of stimulus 
frequencies or muscle lengths, or else being exclusively 
subharmonic. The /^/biasing and c/driving corre-
lations suggested that these indeterminate responses 
were due to joint activation of b, and c fibres. This 
overall scheme could be applied consistently in the 
most extensive of the histophysiological experiments, 
C883, (Fig. I I ) , to which reference has already been 
made (Section 3.1). 
On the basis of the biassing and indeterminate 
response categories and their histological correlations, 
Banks (1991) suggested that b, activity could partially 
or completely occlude the effects on primary endings 
of c-fibre contraction in the same pole. This 
mechanical interaction would be expected to be 
non-linear and length dependent. It would not be 
necessary to postulate ineffective neuromuscular 
junctions in order to account for the apparent 
discrepancy between the histological and physiologi-
cal results. In this context it is interesting that 
spontaneous c activity has been observed to cease 
during active b2 shortening when fusimotor neurons 
were recruited by stimulation in the region of the red 
nucleus (Dickson and Gladden, 1990) or cortex 
(Asgari-Khozankalaei and Gladden, 1990), though 
the authors took this to signify simultaneous 
excitation and inhibition of separate y neurons by b2 
and c fibres respectively. 
Absence of driving during combined b, and c 
activity contradicted Boyd's (1986) conclusions and 
may seem difficult to accept since at least with higher 
rates of stimulation the mean firing frequency during 
a biasing response is normally less than the stimulation 
rale and, hence, the potentially driven frequency. The 
phenomenon has, however, been confirmed by 
Dickson et al. (1993) using direct observation of living 
spindles. 
Two experiments of Banks (1991) each yielded 63 
combinations of primary efierents and static y axons, 
of which 47 and 37% were effective (Tables 5 and 6). 
Although there was no evidence for the segregation of 
the axons into more than one kind, there was clear 
evidence of important correlations between the 
distributions of the axons and their conduction 
velocities. Thus, whereas individual axons could evoke 
biassing, indeterminate and driving responses in 
different spindles, faster-conducting axons tended to 
be more widely distributed among spindles than were 
more slowly conducting ones but less likely to 
innervate c fibres alone (as judged by driving 
responses). Most remarkable was that axons that 
produced I : I driving in particular spindles were likely 
to be the slowest- (and, when appropriate, next 
slowest-) conducting static axons supplied to those 
spindles, even though they might not have been the 
slowest in the muscle as a whole. Statistical tests and 
estimates of probability demonstrated that these 
relationships between distributional properties and 
conduction velocities were unlikely to have occurred 
by chance. 
Evidence for a relationship between the likelihood 
of driving or c-fibre innervation by a static y axon and 
its conduction velocity can also be found in several 
studies on tenuissimus (Barker el al., 1976a; Boyd 
el al., 1977), tibialis anterior (Brown el al., 1965) 
and peroneus brevis (Dickson el al., 1993). In one 
case (Barker el al., 1976a) the results can be shown 
to be statistically significant (•/} test). Such a relation-
ship allows the possibility of a limited amount of 
separate central or reflex control of b, and c fibres (as 
has been reported by Gladden and McWilliam, 
1977a,b, and Wand and Schwartz, 1985), or of 
sequential recruitment according to the size principle 
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FIG. 8. Schematic diagram of the innervation of the spindle that contained the primary ending whose 
responses are shown in Fig. 7. There were probably four sialic motor axons present in the spindle: the 
connection shown by the dashed line is uncertain. Since the skeletofusimotor ( f l ) axon drove the primary 
and innervates a chain (specifically Ic) fibre, il may be assumed that the only other axon to supply c fibres 
was the driving y (y3). This leaves the biassing y axons (yl and y2) lo supply both poles of the b, fibre, at 
least one of which must do so. Filled symbols indicate p, motor endings characteristic of skeletofusimotor 
axons (see Section 3.3.1). Based on a teased, silver-impregnated preparation. From Banks (1991)-
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Arrangement as in Fig. 7. (A) The effects of activation of three y axons on one primary (afferent unit D 
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(Henneman, 1981) for which there is also some 
evidence (Murphy, 1981). However, the segregation, 
as shown by the actual or effective distributions or the 
static y axons, is so imprecise that it cannot be taken 
as evidence for more than one type of neuron. A n ex-
ample of this imprecision in a muscle other than 
tenuissimus is provided by Emonet-Denand et al. 
(1977b) who found that in perbneus brevis 1:1 driving, 
which occurred in 10 of 76 static effects on primary 
responses, was produced by 8 of the 25 y axons 
involved, each of which also evoked other effects in 
different spindles (Fig. 12). Although Dickson et al. 
(1993) describe some static y axons supplying the 
peroneal or tenuissimus muscles of the cat as non-
driving in that they produce only a biasing effect in all 
of their target spindles, there is nothing to indicate that 
they form a distinctly separate group from the 
remaining y axons that evoke mixed or driving effects. 
Celichowski et al. (1993), using peroneus tertius, 
found that 57% of 42 static >• axons, each one 
distributed to 3-6 spindles, elicited effects attributable 
to both b, and c fibres, acting separately or jointly in 
at least two spindles. The remaining 43% were equally 
divided between those that always appeared to 
innervate either b, or c fibres. Celichowski et al. call 
these "specific slow" and "specific fast" respectively. 
It should be noted that "slow" and "fast" refer here 
to the apparent speed of the intrafusal contractile 
events elicited by axonal activity, and not to the 
conduction velocities of the axons themselves. 
Moreover, the authors included an axon as specific 
even when b2 and c fibres seemed to be co-innervated 
in one of the spindles supplied by it. In a fu l l treatment 
of their results, including a statistical analysis, 
Celichowski et al. (1994) conclude that the apparently 
specific axons can be accounted for on a probabilistic 
basis assuming only one type of static y neuron with 
the ability to innervate either b: or c fibres. 
Dickson et al. (1993) appear to have used a stricter 
criterion in describing static axons either as "non-
driving" or "driving" (otherwise equivalent to 
"specific slow" and "specific fast" respectively), in that 
the same effect had to be produced in each affected 
spindle. However, this is probably offset to some 
extent by including in each category those axons acting 
on only two spindles. The greater mean number of 
effects per axon seen among the group showing mixed 
actions (3.24) than either the non-driving (2.96) or 
driving (2.36) groups (data derived from Table I of 
Dickson et al., 1993), indicates that categorization is 
as much a sampling as a real phenomenon, as Banks 
et al. (1985a) argued was to be expected. 
The "non-driving" effect of Dickson et al. (1993) 
seems to be directly equivalent to that called 
"biasing" by Banks (1991). However, any significantly 
detectable entrainment of the primary response at 
fundamental or sub-harmonic stimulus frequencies is 
called "driving" by Dickson et al., whereas Banks 
restricted use of the term to the fundamental 
frequency, and allocated subharmonic responses to his 
"indeterminate" effect. A low probability of entrain-
ment is perhaps best detected with post-stimulus-time 
histograms (Emonet-Denand et al., 1977a; Hulliger, 
1979) as used by Dickson et al. (1993), but not by 
Spindle 11 
Proximal Distal 
Spindle 12 
yl y3 yl 
• • • 
m 
Unit r 
PS,S 2 
• • 
Unit D Unit E 
FIG. 10. Schematic diagram of the innervation of the spindles that contained the primary endings whose 
responses are shown in Fig. 9 (spindles 11 and 12, muscle C689). The distal pole of spindle 11 overlapped 
with the proximal pole of spindle 12. Note that: the dynamic y (1) innervated only one pole of the b, fibre 
in each spindle (though in spindle 12 it might be represented by either or both of two axons); the asymmetrical 
arrangement of the secondary endings in spindle 12 allows the static y (2) with an indeterminate effect on 
unit D to be identified as supplying b, and c fibres, since y2 excited the secondary ending, unit IE (identified 
as S, because of its slow conduction velocity, 30 m/sec): the axon that drove unit D (y3) and that did not 
activate the secondary ending is therefore located in the proximal pole and by comparison with the results 
shown in Figs 7 and 8 may be identified with ihe branch to c fibres only; in spindle 11, y2 probably supplied 
c fibres only in the proximal pole; y4 and yS are not individually identified, but the similarity of their effects 
on unit F, with no sign of driving, suggest that they may be represented by the two branches to the proximal 
pole of the b, spindle in 11. Square symbols indicate p, motor endings characteristic of dynamic y axons 
(see Section 3.3.1). Based on a teased, silver-impregnated preparation. From Banks (1991). 
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FIG. 11. Graphic representation of the distribution of y axons among the spindles supplied by the distal 
nerve branch in a cat tenuissimus muscle (C883), together with a schematic diagram of the arrangement 
of the spindles and their nerve supply in (he whole muscle. From the left: the spindles are numbered in their 
proximal-to-distal sequence within the muscle; their sensory complements are listed; their relative lengths 
(short vertical lines) and location with respect to the intramuscular branches of the tenuissimus nerve arc 
indicated in the schema: functionally single afferent axons isolated in dorsal root filaments, and identified 
alphabetically according to the order of isolation, are shown next to the spindles whose primary endings 
lhey supplied; and the distributions of seven y axons among and within those spindles are tabulated. The 
y axons were all static: their distributions were inferred by the effects of their stimulation on the 
primary-ending responses and on subsequent histological analysis as in Figs 7-10. Each is numbered 
according to its order of isolation in the ventral root, and is positioned according to its conduction velocity, 
fastest to the left. Afferent E died before any motor effects could be sought, but all the remaining aflerents. 
including G. were tested against all seven y axons. Spindles 3 and 19b were b:c units, 19b being linked in 
tandem to 19a by a continuous b, fibre. In the efferent distribution table, b,(c) signifies that the b: was 
activated, possibly together with one or more c fibres. For the complete innervation of the b,b,c units see 
Fig. 17, and for the classification of the primary-ending responses to y stimulation see Table 6. 
Banks. Nevertheless the results obtained with non-driving (54%, derived from Table 1 of Dickson 
tenuissimus are remarkably similar in that the el al.) or biasing (52%, derived from Tables 5 and 6 of 
proportions of total static effects recognized as the present work) are virtually identical. The values 
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TABLE 5. SYMBOLIC REPRESENTATION OF THE EFFECTS OF 
STIMULATING y AXONS ON THE RESPONSES OF PRIMARY 
ENDINGS IN A CAT TENUISSIMUS MUSCLE (C870) 
AITerents: proximal —> dislal No. of 
Efferents 
by c.v. D E A J B H C 
spindles 
7 
41 0 0 0 0 O — o 6 
40 — — 0 O o 0 0 5 
33 0 O 0 — o A • 6 
31 — — O o — — — 2 
30 — • 1 
28 — — — 0 — — — 1 
27 • — — — — — 2 
27 • — — o — — 3 
24 — — — 0 — — — 1 
23 • • • • • — — 5 No. static 4 3 5 5 4 3 3 
No. dynamic 1 1 1 1 1 0 0 
Total 5 4 6 6 5 3 3 
Each row shows the effects of a single efferent on the several 
primaries activated by it. —. no effect: 0 . biasing; O , 
indeterminate: • , dynamic: A . driving. The afferenls are 
arranged in the proximal to distal sequence of their 
corresponding spindles and are identified alphabetically 
according to the order in which they were isolated. Efferents 
are arranged by conduction velocity (c.v. in msec - 1) as 
shown in the column at the left; the total number of spindles 
supplied by each one is given in the column at the right. The 
numbers of efferents supplying each spindle are summarized 
at the bottom of the table in the corresponding column. 
From Banks (1991). 
provide further evidence that not all of these effects can 
be attributed to activity of b, alone, as Banks (1991) 
first argued, since a much smaller proportion of 
intrafusal branches of known or presumed static y 
axons has been found to supply b, exclusively (see 
Table lc, where, assuming all c input is y and all Ic 
input is p, the b, proportion is 82/277, or 30%). 
3.3. ON THE CLASSIFICATION OF INTRAFUSAL MOTOR 
ENDINGS AND THE STRUCTURE OF THE 
NEUROMUSCULAR JUNCTION 
The pattern of motor innervation of skeletomotor 
twitch fibres, in which each fibre receives a single 
motor ending close to its mid-point, is familiar in the 
mammalian extrafusal system but has only limited 
applicability intrafusally. I f each pole is regarded as 
being functionally independent, the c fibres, including 
TABLE 6. SYMBOLIC REPRESENTATION OF THE EFFECTS OF 
STIMULATING y AXONS ON THE RESPONSES OF PRIMARY 
ENDINGS IN A CAT TENUISSIMUS MUSCLE (C883), DETAILS AS IN 
TABLE 5 
Affercnts: proximal —» dislal No. of 
Efferents spindles 
by c.v. A G K J B D C F H 9 
51 O 0 0 0 0 5 
46 O 0 — A 3 
42 0 0 O 0 O 5 
39 O O — 0 0 4 
37 A A 2 
22 0 1 
19 0 — A A 3 
Total 4 0 3 2 2 3 3 2 4 
See also Figs 11 and 17. From Banks (1991). 
Ic poles, most closely approach the extrafusal 
condition. Each bag-fibre pole, however, typically 
receives multiple endings that may be supplied by one 
or more axons. In a sample of 71 endings from three 
cat lenuissimus spindles Banks (1981) found the 
following mean numbers per pole: bh 2.4 (range 2-4); 
b2. 2.4 (range 2-3); c, 1.2 (range 0-3). The 
corresponding values obtained from 42 tenuissimus 
muscles by Kucera (1982c), with a very much larger 
sample of almost 2000 discrete endplates marked by 
cholinesterase activity, were: bh 1.7 (range0-5); b:, 1.9 
(range 0-6); c, not given precisely but evidently close 
to 1.0. Recently, Banks (in press) has examined all the 
single b,b2c units (// = 16) of one complete tenuissimus 
muscle (C883) using silver impregnation. There were 
on average 1.8 endings (range 0-3) per b, pole, 2.4 
(range 0-5) per b, pole, and 1.2 (range 1-2) per Ic pole. 
The number of c poles other than the long type could 
not be accurately determined, but it was clear that 
most possessed only one ending. 
Intrafusal motor neuromuscular junctions are much 
more variable in form and structure than their 
extrafusal counterparts. This became evident in the 
1960s at a time when the static and dynamic sub-
divisions of y axons, and the existence of skeletofusi-
motor axons, were first recognized. It was inevitable, 
therefore, that attempts would be made to partition 
the range of variability and to equate the histological 
classes, thus defined, with the physiological groups. 
3.3.1. Motor endings and neuromuscular junctions of 
the cat 
It is convenient to begin this section with the seminal 
paper by Barker el at. (1970), which provided 
descriptions of three types of motor ending—trail, p 2 
plates and p, plates— based on their appearance in 
teased, silver-impregnated spindles from various 
hindlimb muscles of the cat. The details used to define 
each category need not detain us, but because they do 
not appear to be exclusive it is clear that in some cases 
a certain amount of subjective judgement was 
necessary to assign individual endings to particular 
categories. Barker el al. (1970) argued that trail and p, 
plates represented the endings of static and dynamic y 
axons respectively. Although the argument was based 
in part on the premiss of bag-fibre homogeneity, the 
correlation of trail endings with static axons was soon 
conclusively demonstrated by reducing the motor 
innervation of the tenuissimus to a single y axon 
(Barker et al., 1973). The six axons isolated in this way 
all proved to be static. Their intrafusal distributions 
have been described above (Section 3.2.1). 
Barker et al. (1970) had direct evidence concerning 
the nature of the p, plate, for not only did it closely 
resemble endplates on the surrounding extrafusal 
muscle fibres, but three examples were found of axons 
that branched to supply both p, and nearby extrafusal 
endplates. Furthermore, following nerve section, p, 
plates degenerated at the same rate as exlrafusal 
endplates and more rapidly than the trail or p, plates, 
indicating that all p, plates were supplied by 
fast-conducting axons. Conversely, after selective 
degeneration of y axons (Barker et al., 1980) only p, 
plates remained as the intrafusal endings of 
skeletofusimotor axons. That the axons must indeed 
344 R. W . BANKS 
be skeletofusimotor rather than exclusively fusimotor 
a axons had been shown conclusively by Ellaway el al. 
(1972). 
The differentiation o f the bag fibres into b, and b2 
types and the recognition of their largely segregated 
motor supplies led Barker and Stacey (1983) and 
Banks el al. (1985a,b) to reexamine the classification 
of intrafusal motor endings. They made a quantitative 
and statistical comparison of endings on the different 
intrafusal fibres in normal spindles and those present 
after all large (presumably a and ft) axons had 
degenerated or after only specific axons, /? or static y, 
remained. Thus there was no subjectivity required to 
allocate individual endings in particular groups. It was 
found that: (i) the population of normal endings on b, 
fibres was indistinguishable from that of a combi-
nation of P and presumed dynamic y axons; (ii) static 
y axons had endings indistinguishable as a group from 
those on normal b, and c fibres; (iii) p endings on b, 
were similar to the presumed P endings on long or 
intermediate c poles, but both these groups were 
significantly smaller on average than either known 
static or presumed dynamic y endings; and (iv) 
compared with presumed y endings on b, fibres, static 
y endings, though of similar mean length, were 
significantly less complex as measured by the total 
length of unmyelinated preterminal and terminal 
branches. These comparisons allowed three categories 
of ending to be distinguished: (i) those of static y axons 
on b, or c fibres; (ii) those of presumed dynamic y axons 
on b, fibres; and (iii) those of P axons, whether 
presumed dynamic or static, on b, or long and 
intermediate c poles. The similarity of these to the 
earlier (Barker et al., 1970) scheme encouraged Banks 
et al. (1985a,b) to retain the original names, except that 
it was proposed to call the endings of static y axons trail 
plates in recognition of the discrete nature of their 
contributions to individual muscle fibres (Banks, 
1981). It is important, however, to emphasize that this 
classification, though similar to that of Barker el al. 
(1970), is logically and formally independent of it . 
Whereas whole, teased spindles impregnated with 
silver emphasize the pre-terminal and pre-junctional 
axonal branches, in sectioned material the neuromus-
cular junctional relationships and postjunctional 
structures are more evident. Barker et al. (1970) 
attempted to identify the neuromuscular junctions 
formed by trail, p, and p, plates mainly on the basis 
of their relative locations, trail endings being more 
equatorially located than plates. They proposed a 
simple correlation between type of ending and 
ultrastructural appearance, especially the degree of 
secondary folding of the post-junctional membrane. 
Thus trail endings were associated with smooth 
post-junctional membranes, and plates with shallow 
(p ; ) or deep (p,) folding. The scheme was successfully 
applied by Arbuthnott et al. (1976) to the presumed 
trail and p, endings of static and dynamic y axons in 
a spindle from abductor digiti quinti medius, and was 
initially accepted by Kucera in interpreting the results 
of cholinesterase staining of serial frozen sections 
of tenuissimus (Kucera, 1980b,c, 1981b, 1982b,c). 
However in preliminary descriptions (Barker et al., 
1976b) of a series of histophysiological studies 
subsequently described in ful l (Barker et al., 1978; 
Banks et al., 1978; Banks, 1981), it was soon 
abandoned by its authors who instead suggested that 
postjunctional features, including sole-plate develop-
ment and secondary junctional folding, were primarily 
related to muscle-fibre type and distance o f the motor 
ending from the equatorial (primary) sensory ending. 
The evidence was that neuromuscular junctions of 
b2 or c fibres, in some cases individually identified as 
activated by static y axons, might have smooth or 
folded post-junctional membranes with correspond-
ingly no or little sole-plate development. Junctions on 
c fibres tended to be more complex than those on b, 
fibres even when supplied by the same axon. Bag, 
fibres, however, usually had neuromuscular junctions 
without secondary folds, whether innervated by 
dynamic y axons, or, in one case, a dynamic p axon. 
A single, distally located ending, also suspected to be 
that of a P axon, had a well developed sole-plate with 
secondary folding (Banks, 1981). 
In one o f these studies, Banks (1981) found that c 
fibres usually had a single, plate-like, neuromuscular 
junction in each pole, even though the preterminal 
axon might be much branched and, therefore, 
trail-like. He pointed out that this precluded the simple 
cholinesterase rim deposits of Kucera (1980b,c) from 
marking the post-junctional component of trail, or 
even somatic, motor endings, since c-fibre poles almost 
always had a single plate-like structure, with intense 
cholinesterase activity, which surely marked the trail 
junction. This was immediately accepted by Kucera 
(1982d) who now agreed that the structure of 
neuromuscular junctions might be influenced mainly 
by inlrafusal-fibre, rather than axonal, type. 
Using the 1 /<m serial-section technique together 
with skip-serial ultralhin sections of neuromuscular 
junctions, Kucera went on to show that the post-
junctional membrane associated with skeletofusimo-
tor endings on Ic poles was characteristically highly 
folded (Kucera and Hughes, 1983a,b; Kucera, 1984a). 
In this it resembled the posl-junctional membrane of 
Pi plates as originally described by Barker et al. (1970). 
However, on b, fibres, as Banks (1981) had found, the 
equivalent membrane was usually smooth (Kucera, 
1984b; Kucera et al., 1984, 1985a), closely resembling 
that associated with dynamic y endings, but differing 
from the folded post-junctional membranes of 
extrafusal fibres that were coinnervated with b, by the 
presumed dynamic fi axons (Kucera, 1985a) (Fig. 13). 
Moreover, since the same relationships obtain even in 
the rare instances of b, and Ic coinnervation (Kucera, 
1984c), the evidence compels us to conclude that 
post-junctional structures have properties primarily 
determined by muscle-fibre type. 
I have been careful to maintain a distinction 
between (motor) endings, implying axonal structures 
exclusively, and neuromuscular junctions or end-
plates, which include components of the muscle fibres. 
This is important because it does not necessarily 
follow, as Kucera supposed (e.g. Kucera, 1984a), that 
endplates with different post-junctional structures are 
precluded from exhibiting a single morphological type 
of ending, such as the p, plate (Banks et al., 1985a). 
However, it must be admitted that the continued use 
of "p i plate", "p 2 plate", and "trai l plate" is misleading 
since these terms are now defined only by 
pre-junctional criteria. Their original derivation, of 
course, was from "endplate" at a time when it was felt 
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F\g. 12.Classification of the effects of stimulating each of 36 y axons on 2-7 primary endings in cat soleus, 
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to the regularity of afferent firing: open circles, regular firing; open triangles, moderate irregularity; filled 
triangles, considerable irregularity; filled circles, 1:1 driving. Comparison with the results shown in Figs 7-11 
and 17 suggest that individual static axons (12-36) might supply b, or c fibres, or both, in different spindles. 
that pre- and post-junctional structures were closely 
correlated (Barker et al., 1970). I therefore propose 
that in future they be called p i , p 2 , and trail endings to 
avoid any confusion. In the case of the trail ending this 
involves the restriction of an earlier usage in which the 
expression described the entire ramification and 
terminations of single intrafusal axonal branches, 
often extensively distributed to several muscle fibres 
and forming discrete neuromuscular junctions on 
each. 
As we have seen, there is clear evidence that different 
post-junctional structures may indeed be associated 
with a single morphological type of ending. 
Nevertheless, i f it could be demonstrated that 
distinctly different types of endplate could occur on a 
single type of muscle fibre, this would presumably be 
strong evidence for innervation by more than one kind 
of axon. Boyd and his colleagues have argued that this 
is the case for the c fibres (Arbuthnott el al., 1982, 
1985; Sutherland et al. 1985). They described two types 
of neuromuscular junction one of which, their m„ 
plate, was similar to the neuromuscular junction of the 
b2 fibre and was often coinnervated with it. The other, 
their m c plate, was characterized by the presence of 
finger-like sarcoplasmic projections between the 
motor terminals, and was usually associated with 
intrafusal motor branches distributed exclusively to c 
fibres. Boyd (1986) proposed that m 3 and m c plates 
represent the neuromuscular junctions formed by his 
static bag and static chain y-motoneurons respectively. 
There are, however, some inconsistencies in this 
scheme. For example, according to Boyd the intrafusal 
axonal branches of static bag y-motoneurons virtually 
always includes b2 (see Section 3.2.2) so exclusively c 
branches terminating at m a plates should be rare, yet 
in Sutherland et al. (1985) three such branches 
occurred in a total of 11 that were distributed only to 
c fibres. Conversely an axon inferred by Boyd to be of 
static chain type (his y 4 6 , experiment 83/1, Table 3D; 
Boyd, 1986) proved to terminate in at least one spindle 
in m a plates on several c fibres and the b2 fibre (the 
spindle is identifiable as that reconstructed in Fig. 6 of 
Boyd etal., 1985b). It is worth noting that the response 
evoked by stimulation of this axon in the primary 
ending of the reconstructed spindle was weak, that is 
mostly sub-harmonic, driving. This would probably 
have been categorized by Banks (1991) as indetermi-
nate, suggesting both b, and c fibre involvement, 
whereas Boyd interpreted it as typically and purely c 
until the spindle was isolated and the intrafusal-fibre 
movements were observed (Boyd, 1986). 
The evident difficulties with Boyd's scheme may 
have prompted Gladden and Sutherland (1989) to 
suggest not two but three types of static y motoneuron 
in cats, in effect subdividing Boyd's static chain type 
into those predominantly supplying c fibres and 
terminating at m a plates, and the remainder that 
supply c fibres exclusively and terminate at m c plates. 
The evidence seems to be based on individual 
intrafusal branches rather than overall distributions of 
complete axons. I f so, Gladden and Sutherland's 
criteria for individual branches cannot be applied 
consistently to the complete distributions of static y 
axons given in Barker el al. (1973) (see Table 4). 
A more serious doubt, however, concerns the reality 
of the distinction between m, and m c plates. There is 
undoubtedly considerable variability in the complex-
ity of form and structure of endplates on c fibres, but 
this is probably matched by comparable variability in 
such features as the length and diameter of the fibres 
themselves. Following the initial suggestion by Barker 
et al. (1976b) that some variable features of 
neuromuscular junctions might be related to location 
with respect to the primary sensory ending, as well as 
to muscle fibre type, Banks (1983; Banks et al., 1985b) 
demonstrated that this is indeed the case for the degree 
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lo which the motor terminals are indented into the 
post-junctional surface of the muscle fibres (Fig. 14). 
A similar result was obtained independently by 
Kucera and Walro (1985, 1986), who also made 
numerous other measurements of endplate structure 
from carefully sampled electron micrographs. Draw-
ing on data from 184 intrafusal and 30 exlrafusal 
endplates, by far the largest sample up to that date, 
Kucera and Walro (1986) were able to make 
comparisons between the endplates of the different 
types of muscle fibre and between those on a single 
(o) bag 
0.3 
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slope 0.12 
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p<0.0l 
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distance from primary ending/mm 
FIG. 14. Scatter plots of mean values of motor terminal 
indentation (/) into muscle-fibre surface, measured as the 
proportion of terminal thickness below the local surface of 
the fibre, against distance between the motor and primary 
sensory endings, together with regression of indentation on 
distance, for 27 motor endings. Circles, squares, and triangles 
represent the separate origins of the data from three 
tenuissimus muscle spindles each from a different cat. For 
each fibre type, endings supplied by different axons in the 
same spindle are indicated by different versions (filled, 
unfilled, half-filled) of the same symbol. Measurements of / 
were made on every terminal profile from serial. 1 ;<m 
transverse sections. For one ending in each graph a vertical 
line shows the range of mean values of / for the individual 
terminals of the ending. Horizontal bars on the line indicate 
the standard error of the mean value for the whole ending. 
The extent of the variability within individual endings 
indicates that a large amount of data is necessary for the 
relationship between / and distance to emerge. From Banks 
et al. (1985b). 
type of fibre but associated with selective or 
non-selective intrafusal branches. Essentially these 
confirmed the primary association of endplale 
structure and fibre type. Even when differences in 
structure existed between groups of endplates on the 
same type of fibre, such as the degree of indentation 
of presumed y or fi axon terminals in b, endplales, 
mean distances of the endplates from the primary 
endings also differed significantly so that distance was 
a complicating factor that could not be removed. 
On c fibres presumed to be innervated by static y 
axons Kucera and Walro (1986) found that the mean 
location of endplates of selective (c only) intrafusal 
branches was significantly further from the equator 
than that of endplales of non-selective (b, and c) 
branches. This is important since, on the evidence of 
Sutherland et al. (1985), the former group would be 
expected to be dominated by m c plates and the latter 
by m a plates. Arbulhnolt et at. (1985), however, found 
no difference in the location of m a and m c plates. 
Although Kucera and Walro (1986) do not mention 
finger-like processes of the sole-plate surface, they did 
measure the extent of its profile and found no 
difference in this respect, either as absolute length or 
proportion of total fibre profile, between the two 
groups of endplate. 
In a recent quantitative study Banks (Section 3.4 
and in press) also divided motor endings of known or 
presumed static y axons on c fibres into those of 
intrafusal branches supplied either exclusively to c 
fibres or jointly lo b, and c fibres, and found that on 
average the former were significantly longer than the 
latter. Using the results of Barker el al. (1973)^ who 
denervated tenuissimus muscles except for single 
(static) axons (Table 4), it can be shown that on 
average, t'-fibre endplates received more motor 
terminals when supplied by an intrafusal branch 
distributed only to c fibres (mean 8.15) than when 
supplied by one that also innervated a b, fibre (mean 
5.57). This is especially interesting because it 
demonstrates the necessity to take account of 
variability between individual animals. Thus, 
although the probability that the overall means differ 
is not quite significant (t-test for unequal variances 
after log transformation, / = 2.079, 66d.f, 
0.1 »/>>0.05) , the difference between the mean values 
for c only and b:c branches of each axon was always 
positive (excluding CT4 which had no f-only 
branches) and the mean difference (3.06, variance 1.54; 
H = 5) itself differed highly significantly from 0 
(f = 5.508, 4d.f. , / ;<0.01). 
It can also be inferred that the mean length of 
endplates identified by Arbuthnott et al. (1982, 1985) 
as m., plates on c fibres (subsuming the m a b plates of 
1982) is significantly less than that of their m, plates. 
( I f endplates in their Fig. 4C, 1982, are assigned the 
central value of the corresponding histogram bin, then 
after logarithmic transformation and a modified t-test 
for unequal variances / = —4.7, p<0.05). In a recent 
study in which they compared the post-junctional 
structure of c endplates that were supplied by y axonal 
branches distributed either exclusively to c or jointly 
to b; and c fibres, Arbuthnott et al. (1992) found the 
former group to have significantly greater and more 
variable post-junctional folding than the latter. 
However, there was no obvious relationship with 
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endplale size although the mean number of sample 
sections per endplate in the more complex group was 
30% greater than in the simpler group. It must be 
recalled that, whereas these intrafusal branches may 
have been derived from axons whose local distribution 
in other spindles was similar to that analysed in detail 
(Arbuthnott et al., 1992), the overall distribution of the 
axons would most probably have included both c and 
b- fibres (Barker et al., 1973. 1975b; Emonet-Denand 
et al., 1980). 
Since intrafusal branches of individual fusimotor 
axons may supply c fibres exclusively in some spindles 
and b, and c fibres jointly in others, it is important to 
realize that none of this implies the existence of more 
than one type ofstalic y neuron with different types of 
endplale. Instead a picture emerges in which endplate 
size is correlated with complexity of pre- and 
post-junctional structure and a tendency for the longer 
endplates to be supplied by intrafusal -/-branches 
distributed exclusively to c fibres, though at present, as 
we have seen, some results are inconsistent or even 
contradictory. I f the endings of exclusively c-inlrafusal 
branches also tend to be located further from the 
primary sensory terminals, this would imply that they 
innervate correspondingly larger c poles (Banks. 
1981), and suggests that a matching process occurs 
between fibre size and endplale size and complexity. 
3.3.2. Motor endings and neuromuscular junctions in 
mammals other than the cat 
Several descriptive light and electron microscopical 
studies, mostly conducted before the general recog-
nition of b, and b, fibre-types, show that a similar 
range of neuromuscular junctional size, form and 
structure occurs in various mammals. These include 
both eutherian (rat, rabbit, guinea pig, baboon, and 
man, as well as cat) and metalherian (opossum, 
Trichosurus) species (Banks and James, 1973; Corvaja 
et al.. 1969; von During and Andres, 1969: Gladden, 
1969; Gladden et al., 1985; Goglia, 1970; Greer, 1985; 
Hennig, 1969; Jones, 1966; Kucera, 1988; Mayr, 1969; 
Ovalle, 1972; Swash and Fox, 1972). Many of ihe 
results were interpreted using the trail, p, and p, 
classification o f Barker et al. (1970), and seem to have 
been consistent with it, at least as it was understood at 
that time. 
Quantitative seriaNsection analyses of rat extensor 
digitorum longus, soleus, and lumbrical spindles and 
of Macaca lumbrical spindles by Kucera and his 
colleagues (Kucera 1985c,d,e; Kucera et al., 1991; 
Walro and Kucera, 1985b) confirmed the essential 
similarity of their neuromuscular junctions and those 
of the cat: This was especially true of the junctions of 
y axons on b: and c fibres and of /? axons on both h, 
and Ic, which were most frequently encountered in the 
lumbrical muscles of both species. Unusual features, at 
least by comparison with the familiar picture derived 
from cat spindles, included: the presence of ft endings 
on bi fibres in Macaca; the relatively large size of the 
presumed pi endings in that species; multiple, often 
grouped, small junctions associated with innervation 
of bag fibres, also seen in human spindles (Gladden 
et al., 1985; Kucera, 1986); and, in the case of the rat 
b, fibre, a tendency for those junctions to be located 
juxta-equatorially, in marked contrast to the cat where 
endings on b, fibres are typically the most distal 
(Fig. 15). 
This last result was foreshadowed by Mayr (1969) 
who described diffuse, mulliterininal endings similarly 
located in rat lumbrical spindles on light (i.e. pale 
staining) fibres, that he equated with bag fibres. Mayr 
used a cholinesterase technique with leased, whole 
spindles, and Kucera et al. (1978). also using 
cholinesterase but with serial sections, subsequently 
found equivalent diffuse structures to occur mainly on 
b, fibres in rat soleus. There can be little doubt lhat 
these represent neuromuscular junctions, unlike the 
superficially similar rim deposits lhat Kucera (e.g. 
1980c) found mostly on c fibres in the cat (see the 
previous section). 
The diffuse y endings of the rat bt fibre seem to be 
supplied by intrafusal branches that may be 
distributed exclusively to the bt or jointly with the b:, 
or c fibres, or both (Walro and Kucera, 1985b; Kuceni 
et al. 1991). Some, at least, could be derived f rom tb& 
parent axons whose overall distribution would allow 
them to be classified as dynamic, but ihe physiological 
observations of Andrew et al. (1978) leave this 
question open, since only single primary endings were 
tested. It is remarkable thai dynamic effects were only 
commonly round when several y axons that activated 
a previously isolated primary afferent were tested, and 
doubly remarkable that it should be the slowest axon 
in each case (/i = 8). This is reminiscent of the 
occurrence of driving effects by static y axons orthe cat 
(see Section 3.2.2). Until more comparative studies are 
made, the relationships of the diffuse y endings on rat 
b, fibres to the p 2 ending of the cat must therefore 
remain questionable. 
Quantitative morphological studies on ulirathin 
sections of intrafusal endplates from Macaca have 
been carried out by Subramani et al. (1986) and Sahgal 
et al. (1990). Endplates were classified only as 
belonging to b,, b, or c fibres. In some cases there were 
significant differences between the classes, and, as 
might be expected, there was some evidence of 
significant variability between different muscles. 
Evidence on the effects of location was equivocal. 
3.4. ON THE RELATIONSHIP BETWEEN THE NUMBERS OP 
MOTOR AXONAL BRANCHES AND THE NUMBERS OF 
AFFERENT AXONS SUPPLIED TO SPINDLES 
There is surprisingly little comparative data on the 
numbers of motor axonal branches entering spindles. 
Most of what there is is summarized in Table 7, as 
mean numbers of branches per spindle pole. The 
twofold range seen in the total numbers for various 
muscles of the cat suggests thai there may be real 
differences between muscles, whereas homologous 
muscles of different species have rather similar 
numbers. Since some intrafusal branches divide to 
supply both poles of a spindle, the tola! numbers per 
spindle will usually be slightly less than twice the 
corresponding polar values. 
Banks (in press) has collected data on 333 intrafusal 
branches of motor axons that supplied 47 tenuissimus 
spindles from four muscles. The intrafusal fibre 
distributions of most of the branches have been given 
in Table 1. Only 10 were found lo innervate more 
than one pole, the majority in a single muscle, C883, 
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From Kucera et al. (1991). American Journal of Anatomy © 1991 Wiley-Liss. Reprinted by permission 
of Wiley-Liss, a division of John Wiley and Sons, Inc. 
which provided the most complete data. Each spindle 
received 2-13 branches, average 7.09. This is probably 
fewer than any cat muscle listed in Table 7, but is 
considerably more than the average of 3.3 axons per 
spindle (2.6 y, 0.7 /?) in the lumbrical muscles studied 
by Adal and Barker (1965a). 
The frequency of occurrence of spindles that 
received different numbers of motor branches appears 
TABLE 7. THE NUMBERS OF INTRAFUSAL MOTOR BRANCHES IDENTIFIED AS OF FUSIMOTOR (y) OR 
SKELETOFUSIMOTOR (/?) ORIGIN BY THE ORIGINAL AUTHORS 
No. of intrafusal branches 
Species Muscle y P Total Source 
Cat Peroneus longus 3.8 0.25 4.1 a 
Peroneus brevis 5.1 0.9 6.0 a 
Peroneus tertius 3.6 1.0 4.6 a 
Flexor hallucis longus 5.3 2.1 7.4 a 
Soleus 4.7 0.8 5.5 a 
Unnamed tail muscle 5.7 2.5(1-5) 8.2 b 
(Extensor caudae medialis?) 
Rat Soleus 3.7 + 0.3 0 3.7 + 0.3 c 
Extensor digitorum longus 3.9±0.3 0.2 + 0.1 4.0 + 0.3 c 
Lumbrical 1.4 + 0.2 1.0 + 0.2 2.4 + 0.2 c 
Macaque Lumbrical 1.6(0-3) 0.8 (0-8) 2.3 (0-9) d 
Key to source material: a, Barker etal. (1970); b, Hunt et al. (1972); c, Kucera etal. (1991); d. Kucera 
(1985d,e). Criteria used to identify y and p branches differ according to source. 
Values are means per spindle pole with±s.e. or (range) when given. 
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FIG. 16. Distributions of the frequency of occurrence of single-unit spindles supplied by different numbers 
of motor axonal branches (unfilled bars) compared with theoretical binomial distributions (shaded bars) 
calculated from the corresponding observed means. The histograms show the distributions for 
skeletofusimotor (ft), and purely fusimotor (y) axons separately, as well as combined. In each case the 
observed distribution does not differ significantly from the corresponding binomial distribution. 
to follow binomial form (Fig. 16), indicating a 
random association of branches with spindles. The 
same is true for the number of branches that supplied 
b2 and c fibres (1-7, mean 3.74), representing a 
virtually pure sample of )' axons, and for those 
intrafusal branches to b, and k poles that were 
probably of j8 origin (0-6, mean 2.89). However, as 
Banks and Stacey (1988, 1990) have shown, spindles 
having different sensory complements also follow a 
binomial frequency of occurrence. This raises the 
possibility that the numbers of afferent axons and 
efferent branches entering each spindle could be 
correlated, while being randomly determined separ-
ately with respect to the spindle. 
The results for only a single muscle, C883, are 
sufficiently complete to test this possibility, but a few 
results are also available f rom studies on tandem 
spindles in cat tenuissimus (Kucera and Walro, 1987) 
and dorsal neck muscles (Richmond et al., 1986), and 
in Macaco lumbrical (Kucera, 1985a), that are 
consistent with the conclusions to follow. The analysis 
is complicated by uncertainty as to the origin, whether 
P or y, of some of the motor branches. Banks (in press) 
concludes that the innervation of the b2 and c poles 
in C883 was entirely y apart f rom a single b2 branch, 
whereas that of the b, and Ic poles was entirely /?. 
The evidence for the origin of the b, and Ic endings 
was principally that their size conformed very 
352 R. W . BANKS 
closely to thai of known ji endings (Pi plates) in the 
study of Banks et al. (1985b). For example, the mean 
length of b, endings in C883 was 35.9 nm (H = 58) as 
against 36.1 /tm (« = 23) for the known /J endings. 
Furthermore, many of the intrafusal branches 
supplying these endings entered their spindles from 
nerves otherwise distributed only to extrafusal fibres, 
or had collateral branches that entered such nerves. 
These arrangements are typical of fi axons (Barker 
et al., 1980; Kucera et al., 1984). There were, however, 
a few endings o f b,.fibres whose size exceeded the 
maximum range of the p, plates of Banks et al. (1985b) 
and could have represented p, plates of a dynamic y 
axon. 
The complete patterns of innervation of all 
single-unit, b,b,c spindles are shown schematically in 
Fig. 17. A single-unit b,c spindle and a tandem-unit 
b,b,c-b2c spindle were also included in the analysis 
but are not shown in the figure. Both regression 
(Fig. 18) and / } analyses demonstrated significant 
correlations between the numbers of afferent axons 
and y branches, but not fi branches. This was true 
irrespective of whether the few doubtful endings on b, 
fibres were regarded as derived from y or /? axons. It 
may be accounted for i f /? axons are merely a. axons 
that happen to have encountered spindles during a 
critical stage of development, since unlike y axons they 
would not then require to be guided to the developing 
spindle. 
3.5. O N THE DEGREE OF SEGREGATION OF THE STATIC y 
INPUT AND ITS RELATIONSHIP TO THE SECONDARY 
SENSORY INNERVATION 
Although most static y axons include both b2 and c 
fibres in their overall distribution, individual intrafusal 
branches supply either or both types of fibre (Section 
3.2). Each complete spindle pole might then receive an 
entirely segregated (S) or an entirely mixed ( M ) static 
y input, or one showing an intermediate degree of 
segregation (I) . In a sample of 66 tenuissimus spindle 
poles, again drawing mainly on C883, there were 25S, 
22M and 191. The various combinations that were 
found in complete spindles are shown in Table 8. A 
comparison of the numbers observed in the several 
groups (SS, M M , SM, etc.) with their corresponding 
expected values, assuming that the polar types actually 
occur about equally often and are randomly 
associated, showed no significant difference between 
the two sets. 
However, this apparent randomness in the 
association of poles, irrespective of their degree of 
static-y segregation, might conceal a relationship with 
the afferent supply, which, as we have seen, is itself 
subject to random variations. The possibility was 
tested using a sample of four silver-impregnated 
muscles, predominantly C883, augmented with 
serially sectioned spindles published by Banks et al. 
(1981, GS5, 6, 9 and 12) and by Kucera et al. (Kucera 
and Hughes, 1983a, Figs 3 and 4; Kucera et al., 1984, 
Fig. 1; Kucera, 1984b, Fig. 1). Individual poles of 
single-unit, b,b,c spindles were scored according to 
their degree of segregation: M = 0 , 1 = 1 ; S = 2. Poles 
containing at least one secondary ending (38/74) had 
a mean motor-supply score (1.37) more than twice that 
of poles without secondary endings (0.64). Mean total 
scores for complete spindles with primary endings only 
(0.75), with secondary endings in one pole (2.14), and 
with secondary endings in both poles (3.00) show that 
the static y supply is increasingly segregated as first one 
and then both poles receive secondary endings. The 
actual total scores (7, 45, 24 respectively) were 
significantly different from the corresponding values 
(16, 43, 16) that would be expected i f no such 
relationship were to exist (x 2 = 10.34; for I d.f., 
p<0.0\). However the relationship is not, as might be 
supposed, simply a progressive segregation due to the 
number of static y branches to a spindle increasing in 
step with the number of afferent axons (see previous 
section), since there was a tendency for the segregated 
poles (n = 26) to be supplied by fewer branches (mean 
2.2) than the partially segregated poles (// = 23, mean 
2.5 branches). Unsegregated poles (w = 25) were 
almost always supplied by single branches (mean 
1.04). 
Although afferent axons, and consequently intra-
fusal y branches, might be allocated at random to 
individual spindles, regional differences within a 
muscle can still occur. Thus it may be supposed that, 
in development, newly formed spindles closest to the 
muscle's nerve input would have a greater chance of 
receiving multiple afferents than those further away, 
due to a progressively declining supply of afferents 
available for allocation. The favourable geometry of 
tenuissimus has allowed this proposition to be tested 
and confirmed by Banks and Stacey (1990), who found 
that spindles supplied by the proximal half of the main, 
distally directed, intramuscular nerve (see Fig. 11) had 
on average 2.8 afferents whereas those supplied by the 
distal half had significantly fewer with only 2.3. The 
consequences for the numbers ofintrafusal y branches 
and the amount of segregated input to b2 and c fibres 
might partially account for the high proportion of such 
segregated input reported by Boyd (1986) (see Section 
3.2.2) since he used that portion of the muscle where, 
on the present argument, the greatest amount of 
segregation would be expected. 
There is an additional, and somewhat surprising 
aspect to the relationship between static-y segregation 
and secondary endings: in spindles with secondary 
endings in only one pole, the static y innervation lends 
to be more segregated in that pole than the other. This 
was true in I I of 15 spindles that had secondary 
endings in only one pole, and whose static y 
innervation was differentially segregated in the two 
poles. I f there were no correlation, the more segregated 
innervation would be equally likely to be associated 
with either pole. Then the probability that the 
observed numbers occurred by chance would be 
l 5Cn(0.5)"(0.5) 4 = 0.042, which is sufficiently low to 
confirm the relationship (Banks, in press). 
Despite its impressive complexity any functional 
basis for this organization is elusive since the1 
secondary endings, although often having some 
terminals on the b2 fibre, are predominantly 
distributed to c fibres (Boyd, 1962; Banks el al., 1982). 
Moreover in spindles without secondary endings the 
static y input is typically unsegregated despite there 
being extensive primary terminals on both b, and c 
fibres. Such spindles frequently receive two static y 
branches, yet it is normally the poles rather than the 
b2 and c fibres that are innervated separately. 
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Regression analysis of the number of sialic y branches entering 
spindles in relation lo the number of afferent axons 
• a t i 1 
1 2 3 4 
no. of afferent axons (x) 
FIG. 18. The relationship between the number of y branches 
and afferent axons entering the b,b2c single unit spindles of 
C883 (see Fig. 17, spindle I I omitted). Two or three 
coincident observations are shown by the medium and large 
symbols respectively. 
But perhaps we should not concentrate too closely 
on individual spindles in this context. It may be that 
for the animal the most important functional 
requirement is an integrated motor control system in 
which there are several, exclusively fusimotor, static 
inputs distributed among the spindle complement of a 
muscle. I t may be that the observed relationship of 
segregation and secondary endings is an inevitable 
consequence of a development programme involving 
contact guidance by afferents and the sequential 
appearance of the c fibres after the b, (see Section 4) 
but one that is of little functional significance. 
3.6. RESUME 
In the preceding sections, I have attempted to give 
a critical and comprehensive review of the growth of 
knowledge about the organization of the adult 
fusimotor innervation. Inevitably this means that 
important conclusions are scattered among, and 
perhaps obscured by, the detailed arguments 
employed. It may be helpful, therefore, to draw these 
conclusions together to form an overall picture that 
can be readily grasped, before moving on to consider 
fusimotor development. The feline spindle, especially 
that of the tenuissimus, will serve as the paradigm; 
important variations must be sought in the relevant 
sections above. The theme is one of a system 
constructed by an interplay of deterministic and 
random factors where, as in all things created through 
biological evolution, efficiency but not perfection is the 
watchword. 
Skeletofusimotor (/?) innervation is now known to 
be ofcommon occurrence in mammalian spindles. It is 
provided by collateral branches of a motoneurons that 
are otherwise indistinguishable from those without 
such connexions. Though the presence of /? inner-
vation in a particular spindle is a matter of chance, the 
intrafusal branches are precisely distributed to b, and 
c fibres, especially Ic, almost always separately. They 
thus form separate dynamic and static systems, the 
extrafusal components of whose motor units consist of 
slow (S) and fast, mostly fatigue-resistant ( F R ) , fibres 
respectively. Although the absolute number of static 
axons may be greater than that of the dynamic, the 
latter form a greater proportion of extrafusally 
homotypic motor units than do the former. 
The ^-innervated poles of Ic fibres never seem to be 
supplied also by y axons, though such axons are 
present on other c fibres in the same spindle poles, and 
even on the same c fibres in the opposite poles. The two 
sources of innervation, fl and y, therefore provide 
TABLE 8. THE INTRAFUSAL DISTRIBUTIONS OF STATIC y AXONS IN 32 MUSCLE SPINDLES OF CAT TENUISSIMUS, 
GROUPED ACCORDING TO THEIR DEGREE OF SEGREGATION 
Distribution Number 
Segregation Pole 1 Pole 2 Obs Total Exp (obs—exp)-/exp 
SS b 2 c b2 c 4 41 4" 
M M b,c b2c 4 4 4 
I I b 2 
b 2 
b,c 
b,c 
b2c 
b2c 
c 
c 
b, 
b2 
b,c 
bjc 
b,c 
b2c 
c 
c 
c 
1 
1 
1 
1 
• 3 -11 0.333 
b, b,c c b2 b,c c 1 5_ 4 
SM b 2 c b2c c 10 10 7 1.286 
SI b 2 c b2 b,c 2 1 
b 2 c b2c c 3 • 6 7 0.143 
b2 c b, b2c c 1 I Ml b,c 
b2c 
b2 b,c 1 1 \ 3 1 7 2.286 b2c c 2 J I J I 
X2 = 4.048 
for 2 df: NS 
From Banks (in press). 
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alternative inputs For some c fibres. With b, fibres, 
conversely, the two sources may converge onto 
individual poles. 
The pre-junctional components of both dynamic 
and static (i endplates are morphologically similar. 
These p, endings are small versions of their extrafusal 
counterparts. Post-junctionally, muscle-fibre mem-
branes range from smooth in intracapsular b, 
endplates to markedly folded in extracapsular Ic 
endplates, though they are always less folded than the 
coinnervated exlrafusal plates. 
Exclusively fusimotor (y) innervation is also 
segregated into dynamic and static types with 
correspondingly precise distributions to b, fibres and 
to b, and c fibres respectively. To judge by the 
tenuissimus, dynamic y axons are not invariably 
present, whereas static y axons, which are always more 
numerous, never seem to be absent. The number of y 
axons that innervate a particular spindle is closely 
correlated with the number of afferent axons, which 
itself seems to be randomly determined. 
The static y supply to the b, and c fibres of a single 
pole may be mixed, segregated, or partially segregated, 
depending on the number o f intrafusal motor axonal 
branches present. A mixed input is almost invariably 
provided by a single branch, whereas a segregated 
input is most commonly provided by two branches and 
partial segregation by more than two. Remarkably, 
when the two poles of a spindle show different degrees 
of segregation and when secondary sensory endings 
occur in only one pole, it is most likely the same as that 
which has the greater motor segregation. 
Individual static y axons almost always include both 
byand c fibres in their motor units though they do show 
some differential distribution. Thus faster-conducting 
axons tend to be more widely distributed and are less 
likely to innervate c fibres alone in any spindle than are 
more slowly conducting ones. When intrafusal 
branches supply c fibres alone, (heir parent axons tend 
to have the slowest conduction velocity of all the axons 
innervating the same spindles, even though they may 
not be the slowest in the muscle as a whole. 
The pre-junctional components of dynamic and 
static y endplates are morphologically dissimilar to 
each other and to the p, endings of/? axons. They are 
described as p2 endings and trail endings respectively, 
[though the typical p 2 ending may not be recognizable 
fin some species. Post-junctionally, as with the [i 
(innervation, muscle-fibre membranes range from 
smooth (intracapsular b,) to folded (extracapsular c). 
There is some evidence that static y endplates in 
segregated poles tend to be larger and more complex 
<than those in unsegregated poles. It is disputed 
whether this may be related to endplate location and 
muscle-fibre size. 
4. T H E M O T O R INNERVATION I N 
DEVELOPMENT 
The pattern of formation of the intrafusal muscle 
fibres is essentially similar to that of the extrafusal 
fibres, both intrafusal and exlrafusal types probably 
being derived from the same groups of myoblasts 
(Milburn, 1984; Barker and Banks, 1994; Kucera and 
Walro, 1990). The first myoblasts to fuse form discrete 
primary myotubes each of which acts as the centre of 
a growing cluster of subsequent generations of 
secondary myotubes. Younger myotubes arise by the 
fusion of myoblasts that align themselves on the older, 
especially primary, myotubes. As they mature into 
muscle fibres the myotubes progressively separate 
from the clusier, the oldest of the secondary myotubes 
doing so first. Each cluster eventually forms a part or 
the whole of a fascicle of extrafusal muscle fibres, or 
the complete intrafusal bundle of a muscle spindle. 
Primary myotubes appear in the absence of any 
innervation. They apparently remain undifferentiated 
until some are contacted, presumably at random, 
either by a motoneurons or ingrowing sensory axons, 
sensory contact initiating their ultimate conversion 
into b2 intrafusal fibres (Kucera et al., 1989). Only after 
this contact, which perhaps evokes the change in heavy 
meromyosin expression that occurs at about the same 
time (Pedrosa and Thornell, 1990), do the secondary 
myotubes begin to form. The oldest of these develop 
into b, fibres and subsequent ones into c fibres whose 
size at maturity may reflect their sequence of 
development. In particular, when present, Ic fibres are 
probably the oldest of the c fibres, appearing just after 
the incipient bt fibres. 
The sensory innervation is necessary and seemingly 
sufficient for the initiation and maintenance of 
intrafusal fibres that are recognizably o f b2, b, and c 
types (Zelena and Soukup, 1974; Soukup and Zelena, 
1985; Kucera and Walro, 1988). In contrast, motor 
innervation seems to have relatively little effect on the 
properties of the intrafusal fibres, though it perhaps 
influences the ultimate size of the poles. So far as the 
expression of heavy meromyosin is concerned, 
neonatal motor denervation of rat spindles only has 
significant effects on bag fibres, resulting in b, and b, 
exhibiting greater similarity than in normal spindles 
(te Kronnie et al., 1982; Soukup et al., 1990). Perhaps 
the most important change is that the tonic myosin, 
which is normally restricted to the intracapsular 
portions of b:, is present throughout the fibre after 
motor denervation, as it is in both the normal and 
de-efferented b,. 
The earliest motor innervation occurs on the 
primary myolubes, including some of the incipient b 2 
fibres, at the same time as the formation of the sensory 
neuromuscular contacts (Kucera et al., 1989). It is 
presumably provided by a motoneurons and, at leasl 
in the rat soleus where these observations were made, 
that on the b, fibres is transiently present only on the 
18th day of gestation. The developing spindles are thus 
without motor innervation until two days later when 
the b, again receives motor innervation, this time 
presumably by y. motoneurons. By now the 
presumptive h, myotube is also present, but it 
possesses only sensory innervation, motor endings 
appearing some two days later still. A n essentially 
similar pattern of development, described in terms of 
primary and secondary myotubes, had previously been 
obtained for the extensor digitorum longus of the 
mouse by Kozeka and Ontell (1981), who noted that 
the first appearance of the (presumably definitive y) 
motor innervation usually occurred in one pole of the 
primary intrafusal myotube (b2). 
The progressive elaboration of the fusimotor 
innervation has been studied in rat soleus by Kucera 
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el al. (1988a,b). From the 20ih day of gestation, when 
terminals are present on most b, fibres only, there is a 
gradual approach to the adult condition. In terms of 
the relative numbers and locations of the motor 
endings, and of the arrangement of the routes taken by 
the axons, the process is essentially complete by the 4th 
post-natal day, though the innervation still has to 
spread to the youngest c fibres which are present as 
myotubes (Fig. 19). An important difference between 
the neonatal and the adult fusimotor innervation, 
however, is that individual endings are multiply 
innervated in the neonatal spindle, just as occurs in the 
extrafusal motor innervation at this time. This is an 
important result for our understanding of the 
development of motor innervation in general since it 
implies a common ontogenetic purpose for the 
formation and subsequent elimination of multiply 
innervated endings, both intrafusally and extrafusally, 
yet the outcome of the developmental process is 
different in each case. It may therefore restrict some of 
the possibilities for that purpose. 
Exlrafusally, the period of multiple innervation 
coincides with the existence of mixed motor units that 
share fibres in common, are frequently clumped, and 
that are larger relative to the whole muscle, but not 
more numerous, than in the adult (Jones and Ridge, 
1987: Jones er al., 1987a; Jansen and Fladby, 1990). 
The reduction to singly innervated endings corre-
sponds to the formation of spatially overlapping, 
though otherwise distinctly separate, motor units of 
different types, each essentially homogeneous in fibre 
composition. Despite the well-known plasticity of 
adult extrafusal muscle-fibre types, this does not seem 
to come about by conversion of fibres through the 
imposition of properties determined by the remaining 
motoneuron of each unit (Jones el al., 1987b). If that 
is so it would seem to follow that either there is precise 
matching of neuronal and fibre types, or the neurons 
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differentiate only after initial contacts with developing 
fibres and subsequently withdraw any inappropriate 
contacts. Multiple innervation may be seen as an 
expression of neuronal competition in either case, but 
only in the latter should we expect to see even the 
temporary formation of mixed motor units. More-
over, the trophic nature of the interaction, which has 
both ontogenetic and phylogenetic advantages 
(Purves, 1988), would be preserved. 
Intrafusally, the temporary existence of multiply 
innervated motor endings demonstrates that the 
reduction to single innervation is a local phenomenon, 
since not only does each fibre retain innervation in 
both poles, usually involving different axons, but 
individual poles, particularly of the bag fibres, 
frequently retain more than one ending, (see Section 
3.3). The reduction may lead to some differentiation of 
motor units, though there is no direct evidence of this, 
indeed the high proportion (42%) of intrafusal 
branches supplied to b, and either or both b, and c 
fibres in neonatal cat tenuissimus (Gladden et al., 
1989), apparently after the loss of multiply innervated 
endings, indicates that the processes of reduction and 
differentiation are causally independent. Further-
more, though many of these connexions with the bt 
fibre are presumably withdrawn, mixed b2 and c motor 
units persist into the adult. In other species even the b, 
fibre may continue to form part of mixed units (see 
Sections 3.1 and 3.2). 
Neither intrafusally nor extrafusally, therefore, can 
the developmental purpose of multiple innervation be 
related to the formation of motor-unit types. Perhaps, 
through neuronal competition, it is necessary to ensure 
both spatial divergence of individual units and local 
convergence of different units, leading to effective 
integration both of skeletomotor and fusimotor 
activities. 
5. C O N C L U D I N G R E M A R K S 
The muscle spindle is so obviously a length 
transducer, and what might be called the engineering, 
or linear systems, approach to its study has been so 
successful, that it is tempting to suppose that every 
detail of its adult organization has a discrete role to 
play in motor control. But one must not forget that this 
same adult organization has both developmental and 
evolutionary histories which have their own necessities 
and whose traces may persist, provided they are not 
detrimental to the spindle's main function. We cannot 
merely assume, therefore, that because we find some 
feature to be reliably present, it must be attributable 
to a motor-control requirement. In these concluding 
remarks I shall speculate on the possible contribution 
of developmental and evolutionary factors to the 
organization of the spindle's motor supply, functional 
considerations already having been dealt with as they 
arose. 
Let us first examine the so-called /? innervation. The 
motor input of intrafusal fibres by collateral branches 
of skeletomotor neurons was well known from 
non-mammalian tetrapods long before it was 
discovered in mammals (see review by Barker, 1974). 
It is undoubtedly phylogenetically old, and pre-
sumably older than the y system. Provision of a 
separate intrafusal input may be more advanced in the 
sense of increased flexibility in motor control, but it is 
also more expensive and would have required selection 
pressure in response to actual need to bring about. 
There is no reason to suppose that, despite their 
behavioural complexity, mammals need a completely 
separate intrafusal input, desirable though this may 
seem to an engineer. From the evolutionary 
perspective, therefore, the retention of skeletofusimo-
tor connections is readily understood. 
It is unnecessary to postulate a specific functional 
role for the neurons providing those connexions; that 
is to say, one that could not be fulfilled by a and y 
neurons separately. Indeed, the evidence is consistent 
with fi neurons being nothing more than a neurons that 
happen to have encountered differentiating intrafusal 
fibres at a suitable stage of development. The absence 
of a distinct group of ft neurons is attested not only 
peripherally in the evidence described in Section 3.2.1. 
but also centrally in a study of the nuclear and synaptic 
morphology of peroneal motoneurons (Destombes 
el al., 1992). The higher incidence of fusimotor 
connexions among the neurons of slow rather than fast 
motor units can be seen to reflect the greater chance 
of intrafusal contact at a lime in development when 
only the primary and earliest secondary myotubes are 
present. 
If correct, these ideas have several important 
implications: (i) any a neuron could potentially make 
intrafusal connexions; (ii) it is a matter of chance which 
ones do; (iii) it is therefore preferable not to refer to 
skelelofusimotor neurons as though they were 
intrinsically different from a neurons, by calling them 
ji neurons; and (iv) the total muscle-fibre composition 
of all motor units is actually or potentially mixed. This 
last implication may seem surprising when we are so 
used to the concept of homogeneous motor units, but 
the homogeneity is a feature only of the normal adult 
extrafusal component, indicating that it has been 
positively selected presumably as providing definite 
functional advantages. 
The fusimotor connexions made by a. motoneurons 
are not, of course, entirely random since they are 
virtually restricted to b, and Ic poles, at least in the 
majority of examples reported so far. This is highly 
significant developmentally: as we have seen above 
(section 3.6) the b, and Ic fibres appear sequentially as 
the earliest and subsequent secondary intrafusal 
myotubes. The absence of a. input to b2 fibres is 
therefore especially noteworthy. It suggests that there 
exists a mechanism, presumably initiated as a result of 
afferent contact with a primary myotube, which serves 
to exclude such connections. The temporary presence 
of motor terminals at a very early stage of spindle 
development in the rat soleus, when only primary 
myotubes have been formed, is particularly interesting 
in this respect. 
Long c poles form only a small part of the static 
equipment of spindles, most of which, indeed, lack 
them altogether. Conversely, bt fibres are regularly 
present except in some small, tandem-linked, units. 
The accumulated evidence indicates that their motor 
input is often substantially, and sometimes exclusively, 
provided by a collaterals. It therefore seems to be more 
important for the intrafusal static input to be separate 
from the a output than it is for the dynamic input. 
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Consonant with this observation are the results of 
Murphy el al. (1984) who have provided evidence that 
during locomotion if premammillary cats even the 
dynamic y activity is phasically modulated in parallel 
with the e.m.g., whereas static y axons are tonically 
active. 
Chance encounter with a developing spindle is 
presumably too fallible a mechanism Tor the purely 
fusimotor y neurons to rely on in order to establish 
their peripheral connexions. Rather, the axonal 
growth cones might be expected to follow paths 
leading directly to the incipient spindles. If the afferent 
axons provide the guiding stimulus or recognition 
signal, a possible basis for the correlation between the 
numbers of afferent and efferent axons supplied to 
individual spindles is apparent. 
Despite this difference between a and y neurons, the 
underlying unity in the pattern of extrafusal and 
intrafusal fibre development, and the existence of 
skeletofusimotor connections, indicate that we should 
seek a common theory to account for the establish-
ment of their motor units. If so, then the static y system 
is particularly instructive. 
As has been demonstrated above (Section 3.2.2), 
the motor unit of each static y neuron is typically 
mixed in composition, but the b, fibre is notably 
excluded. The exclusion of the b, fibre occurs at a 
relatively late stage of development (Gladden el al., 
1989), apparently after the period when endplates 
are multiply innervated. This is consistent with the 
possibility that the y neurons, although already 
distinct from a neurons, are relatively undifferentiated 
when they first encounter the developing spindle. 
Initially they may attempt to establish contact with 
as many intrafusal fibres as possible, but it may 
be recalled that when the first permanent motor 
innervation arrives in the spindle only the b2 fibres 
are sufficiently mature to receive them and c fibres 
are altogether absent. Whether through intrinsic 
properties, or as a result of this contact, the neurons 
then differentiate and are able to recognize function-
ally inappropriate connexions and withdraw them. 
That this is not a competitive process at multiply 
innervated endings is further suggested by those 
instances in which bt poles are left without any motor 
input. 
A similar mechanism could operate extrafusally. 
For example, the earliest a axons to arrive in 
the muscle primordium would encounter only 
primary myotubes, and might differentiate accord-
ingly. The primary myotubes will themselves 
subsequently differentiate into type I extrafusal 
fibres, and though the motoneurons also innervate 
secondary myotubes as they appear, virtually all 
extrafusal contacts apart from those on the type I 
fibres are withdrawn, lntrafusally, the a motoneurons 
are similarly promiscuous at first, as indicated by 
the evidence of glycogen-depleted single motor 
units in neonatal rat lumbrical muscle (Jones el al., 
1987a, Fig. 1), which undoubtedly include several b2 
as well as other intrafusal fibres. These a collaterals 
may persist into the adult but only the b, and 
Ic fibres continue to receive them (Kucera el al., 
1991). 
The proposed mechanism of motoneuronal differ-
entiation after initial myotubal contact depends 
crucially on the sequential appearance of myotubes 
having different potentials for development. The 
necessary intrinsic properties of the myotubes 
certainly seem to be present intrafusally, or at least are 
not dependent on the presence of the motor 
innervation. They may also be present extrafusally 
(Jones et al., 1987b). Reinnervation following nerve 
injury would therefore be expected to be abnormal 
since the different muscle-fibre types are simul-
taneously present, but adult motoneurons are well 
known to be able to modify extrafusal fibre properties, 
and this could mitigate some of the effects of 
misconnexions. 
Peroneus lertius motoneurons, whose axons had 
regenerated to give skeletofusimotor distributions 
after nerve section, have revealed unusual connexions 
in glycogen depletion experiments (Barker, Scott and 
Stacey, in press). Although the sample of seven axons 
is small, the intrafusal connexions clearly tended to be 
much more random than normal. Thus, among 14 
spindles, depletions were found in nine b, poles, eight 
b2 poles, and 17 c poles, of which only two were long. 
The frequent occurrence of depletions in b, fibres is 
particularly noteworthy. Moreover, despite an 
apparent distinction between dynamic and static 
axons such that, as normal, bt fibres were rarely 
co-innervated with other types of fibre, the motor units 
usually exhibited abnormal associations of intrafusal 
and extrafusal fibre types. The extrafusal components 
ranged from exclusively slow (type I) to predominantly 
fast-fatiguable (I IB with an admixture of I), with some 
suggestion of a correlation with axonal conduction 
velocity. However, in a reversal of the normal pattern, 
the slowest-conducting axons had static effects, thus 
linking b, and c fibres intrafusally with mostly type I 
fibres extrafusally. 
Competition between motoneurons undeniably 
occurs and may also, of course, contribute to the 
determination of motor-unit composition. However, 
as suggested in Section 3.6, it may be more important 
for the production of overlapping motor units, 
thus providing efficient spatial integration both in 
the mechanical output (extrafusal fibres) and in 
the proprioceptive feedback (intrafusal fibres). 
Support for this idea comes from the observation 
that in spindles receiving two static y axons it is 
usually the poles rather than the b, and c fibres 
that are separately innervated. It would be very 
interesting to know whether, during development of 
such spindles, the two axons had previously supplied 
both poles at multiply innervated endings. (In C883 
four spindles each received a single static y axon, of 
these three did indeed supply both poles of their 
spindles.) 
When a spindle receives three static y axons, such 
that two of them supply a single pole, the b2 and c fibres 
in that pole are then usually separately innervated. 
This may be readily interpreted as due to competition 
in which a later-arriving axon is able to displace from 
the newly formed c fibres an already present axon that 
has established contact with the b:. It is obvious that 
a similar process could operate in the homogenization 
of extrafusal motor units. Intrafusally, however, it is 
probably of little functional significance within the 
static system, as has been argued above (Section 3.5), 
other than creating further spatial integration. This 
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seems to be confirmed by the observation that 
continued increase in the number of static y axons to 
a spindle results in a reduction in their overall degree 
of segregation among the two types of muscle fibre. 
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INTRODUCTION 
Peripheral sensory endings often consist of groups of unmyelinated nerve terminals, 
specialized for transduction, that ultimately converge on the single afferent axon through a 
system of myelinated preterminal branches. At least in the mammalian muscle spindle the 
sensory terminals are in continuity only through the preterminal branches (Banks, 1986), so 
each may be supposed to have an associated spike-initiation (encoding) site, potentially able to 
act as a separate pacemaker. Interaction in such a system is expected to be highly competitive 
(Eagles & Purple, 1974) so that the final output of the afferent is in general a non-linear 
function of the activities of the separate encoders. 
The primary sensory ending of the mammalian muscle spindle is a favourable example 
in which to study pacemaker interactions because it is frequently derived from two first-order 
branches that separately supply terminals on different types of intrafusal muscle fibre: the bag] 
(bj) fibre and bag2 and chain (6? and c) fibres together (Banks 1986). The greatly expanded 
axonal terminals, where mechanosensory transduction may be presumed to occur, are derived 
from short, unmyelinated preterminal branches. These in turn arise almost exclusively from the 
heminodes of the ultimate myelinated preterminal branches which may be of first to fourth 
order (Banks, 1986). The geometry of this arrangement indicates that the heminodes act as 
sites of spike initiation, a hypothesis that is supported by histochemical evidence from the cat 
showing that primary-ending heminodes share staining properties with known spike-initiation 
sites such as motor axonal initial segments (Quick et al., 1980). The high degree of 
segregation between the dynamic and static fusimotor systems (reviewed by Banks, 1994) 
enables selective activation of the bj and b2~c terminals respectively, by eliciting contractile 
activity in the appropriate muscle fibres. 
Physiological studies have repeatedly shown that at least two pacemakers exist in 
primary endings of the cat and that they may be separately excited by dynamic and static 
fusimotor stimulation. Although competitive interactions predominate, a variable amount of 
summation may also occur (Hulliger & Noth, 1979; and other references therein). The 
possibilty that the topology of the preterminal-branch tree architecture might influence, in part, 
the amount and pattern of summation has been supported by an unpublished modelling study 
(Otten, Hulliger & Schaafsma). Here we extend those observations by determining, in the 
same spindle, both the nature of pacemaker interactions and the tree architecture of individual 
primary endings, and comparing the results with model simulations. 
METHODS 
The preparation was the tenuissimus of the anaesthetized cat. This facilitated precise 
location of the primary endings, an essential prerequisite for accurate histophysiological 
correlation. Details of the preparation, and of the data acquisition and control of experimental 
parameters, are given in Banks (1991) and Baumann & Hulliger (1991) respectively. Briefly, 
the left tenuissimus muscle was exposed by removal of biceps femoris, after extensive 
denervation of the sciatic distribution to the limb, sparing only the tenuissimus nerve. The 
muscle was freed from surrounding connective tissue for the greater part of its length, so as to 
allow effective transmission of stretch applied by an electromagnetic puller at its distal end. An 
efficient blood supply for the distal part of the muscle was maintained by creating a pedicle at 
the level of the popliteal fossa. Control signals for muscle stretch and fusimotor stimulation 
were taken from a hybrid signal generator that permitted reproducible synchronization of 
electrical and mechanical stimulation patterns. Spikes obtained from single afferents were 
converted to TTL pulses, and stored on-line using a L S I 1/73 computer. Routinely, fusimotor 
actions were tested using both constant and triangularly modulated stimulation rates. Constant 
stimulation rates ranged from 25 to 150Hz. During trapezoidal stretches, both static and 
dynamic axons were typically stimulated at 100Hz. Triangularly modulated stimulation was 
applied with the muscles held at constant length. Maximal slope of the modulations was 
SOHz/s, with a peak stimulation rate normally not exceeding 150Hz. This particularly 
facilitated dignosis of the static effectors, using criteria established in a previous 
histophysiological study (Banks, 1991). 
The proximo-distal locations of individual spindles were marked by epimysial stitches. 
At the end of the physiological part of each experiment the muscle was removed and fixed 
under light tension for about 7 hours in a Karnowsky fixative. In most cases, located spindles 
and their nerve supplies were teased out before or during secondary fixation in OSO4, enabling 
the equatorial regions containing the primary endings to be identified and separately embedded 
in epoxy resin. Serial, lum sections were prepared, usually in the longitudinal plane, stained 
with toluidine blue, and used to reconstruct the afferent tree architecture. 
Simulations were carried out using a model based on likely intrafusal-fibre mechanical 
properties to produce a receptor potential associated with each type of fibre (Schaafsma et al., 
1991). An ionic model of the action potential, based on modified Frankenhaeuser-Huxley 
kinetics (Otten, Hulliger & Scheepstra, in press), generated spikes at the heminodes of 
individual trees and propagated the spikes through the tree. The firing rate of each heminodal 
pacemaker might be influenced by the receptor potential of its own terminal, electrotonic 
spread from other terminals via the preterminal branches, and antidromic invasion by upstream 
nodal spiking. 
A coefficient of interaction index (Cj, see Figure 1) was calculated both for the real 
and simulated data, to provide a quantitative estimate of the amount of competition or 
summation that occurred between the dynamic and static pacemakers, and to allow 
correlations with parameters of tree structure to be estimated. The coefficient was defined as 
the difference between the response to combined dynamic and static fusimotor stimulation 
(RQ) and the higher of the responses to separate stimulation (Rg or Rrj), normalized with 
respect to the lower of the separate responses; formally 
Cj might be expected to vary between 0 (high competition, or complete occlusion of 
the momentarily slower pacemaker by the faster one) and 1 (complete summation, in which 
the overall output is the algebraic sum of the separate pacemakers). 
If all heminodes are potential pacemakers, there are usually in a single tree more than 
one possible pathway linking dynamic and static pacemakers that could be active. We have 
selected the minimum path length in each case, estimating the path length quantitatively by the 
number of complete nodes (nMPL) contained in it. 
Responses to fusimotor stimulation were obtained both during trapezoidal stretch and 
with the muscle at constant length. Here we give a preliminary account of the results obtained 
using trapezoidal stretch, from eighteen different combinations of pairs of dynamic and static 
fusimotor action on 17 primary endings of 9 adult cats. Cj was calculated using data collected 
in 200ms bins. It usually varied according to the phase of the stretch, for example it often fell 
during the phase of muscle lengthening when the dynamic response greatly exceeded the 
static. A falling value of Cj indicates increasing competition. The effect proved to be a function 
of the difference in firing rate between the separate pacemakers, as shown by plotting the Cj 
against the difference between the separate dynamic and static responses for individual bins. 
The resulting scatter plot showed a clear tendency for Cj to reach maximum values (greatest 
summation) when the difference between the separate dynamic and static firing rates was 0. 
Mean Cj, averaged from 40 bins, normally ranged from 0.07 indicating very strong 
competition, to 0.33 in which summation was evident but the response was still dominated by 
competition. Exceptionally, one primary showed very high summation (Cj = 0.66). The results 
are here tabulated in full (Table 1) according to decreasing order of mean Cj., together with 
the number of nodes in the minimum path length between the inferred dynamic (b j ) and static 
{f>2 or c) effectors. Routinely, fusimotor actions were tested using both constant and 
triangularly modulated stimulation rates. This particularly facilitated diagnosis of the static 
effectors, using criteria established in a previous histophysiological study (Banks, 1991). 
However, in most cases (13/17) there was no difference between the minimum path lengths for 
£>2 or c, and in no case was the difference greater than 1. 
In most primary endings the la afferent branched dichotomously into first-order 
branches that supplied bj and b2~c fibres separately. The preterminal trees of these endings 
I 
f ( R c - R S ) / R D 
I (Rc-R D ) /Rs 
R S > R D 
R D > R S 
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possessed a minimum of 3 to 9 nodes between the probable dynamic and static pacemakers. 
There were two exceptional endings: 258/11 in which there were 5 first-order branches 
derived from a single node; and 266/2 in which the bj fibre was supplied only by a second-
order branch, whose complementary division supplied several c fibres. In the latter case it was 
possible to be virtually certain that the c fibres were activated by the static y axon that had 
been stimulated, since histologically there appeared to be only a single static y axon present, 
which supplied all (6) c fibres, as well as 6 2 , usually in both poles. The minimum path length 
was therefore 1. 
Simulations were carried out using trees having the same topology as the second-order 
bj-c part of 266/2 and the first-order bj-c part of 266/5, since these were closely adjacent 
spindles in the same muscle and they exhibited virtually the most extreme values of mean Cj 
and minimum path length: 266/2, Cj = 0.66, MPL = 1; 266/5, Cj = 0.11, MPL = 8. Both 
showed considerably greater competition than the real endings, but whereas it was nearly 
complete in the 266/5 simulation, there was a much greater degree of summation in the 266/2 
simulation. 
DISCUSSION 
Our results corifirm previous reports (see Hulliger & Noth, 1979) in which it was 
concluded that mammalian primary endings contain multiple pacemakers, and that these 
pacemakers interact in a predominantly competitive manner. Detailed temporal analysis of the 
simulations showed that competition arises as predicted on theoretical grounds (Eagles & 
Purple, 1974) because of antidromic invasion of the momentarily less active pacemaker by 
spikes generated by the more active one. 
A variable amount of summation can, however, be shown even by individual endings. 
There are several conceivable reasons for this variabilty, but we have now been able to 
demonstrate that in primary endings under comparable conditions of stretch and motor 
stimulation, a component is attributable to preterminal-branch structure. So far we have only 
considered topological features of the tree architecture and not the absolute dimensions of the 
trees. Those that we considered as potentially influential included the number of terminals, the 
proportion of branching nodes, and the number of nodes in the maximum path length. 
However, a multivariate analysis revealed that the only significant structural component was 
related to the number of nodes in the minimum path length. Moreover, the influence of this 
factor seems to decline very rapidly as minimum path length increases, as would be expected if 
the effect is mediated by the electrotonic spread of, say, receptor potentials. We may note that 
Hunt et al. (1978) were able to record a compound receptor potential in the parent la axon 
after blocking Na+ spikes with TTX. 
The multivariate analysis also revealed that two other factors contributed to the 
variable amount of summation shown by individual endings, the overall firing rate, and the 
difference in rates when the dynamic and static pacemakers were separately activated. 
Summation increases with overall firing rate, a surprising observation and one not predicted by 
the simulations. However, it serves to remind us that competition normally predominates even, 
indeed especially, at low rates. This is perhaps explicable by supposing that the firing rate of an 
individual pacemaker is determined by its relative refractoriness, and that this can be 
counteracted by increasing the receptor potential. The increased summation seen at higher 
rates is more difficult to explain, but may be due to a shift in the effective pacemaker site to 
the next most proximal node if its threshold is exceeded by the electrotonically spread receptor 
potential. This would, of course, have the effect of reducing the minimum path length, and 
would therefore increase summation due to the structural factor. The histochemical study that 
showed heminodes to be potential pacemaker sites (Quick et al., 1980) also showed that at 
least some of the preterminal nodes shared the same staining properties, indicating a similar 
excitability. 
The general similarity between the real and simulated data is encouraging, particularly 
in regard to the preponderance of competition and the effect of tree topology on summation. 
Nevertheless, it must be noted that overall the simulated results show very much greater 
competition than is exhibited by the real primary endings. The reasons for the discrepancy 
remain to be investigated, but presumably involve oversimplifications in the assumptions that 
form the basis of the model. 
Finally we reflect on that feature of the primary ending with which we began: the 
dichotomous first-order division into bj and bi-c parts. Despite, or perhaps because of, its 
regular occurrence in cat spindles, it seems to have been taken for granted when perhaps we 
should have been asking whether it must be so. Certainly it is one of the few quite constant 
features of the preterminal and terminal branch system of the primary, and the first-order 
branches often lie alongside each other for what seem to be extravagantly long distances 
(Banks, 1986). Could it be that the division is an adaptation to ensure that the interaction 
between separate dynamic and static pacemakers is highly competitve? We need to know more 
about the use made by the CNS of such a multiplexed signal in motor control, and whether 
summation would compromise that control. If so, an apparently unrelated fact of spindle 
development, which again has rather been taken for granted, becomes explicable: that the 
oldest of the secondary myotubes differentiates as the bj fibre (Milburn, 1984). The overall 
pattern of myotubal development is common to both intrafusal and extrafusal fibres (Kozeka 
& Ontell, 1981). Thus, secondary myotubes separate from the growing cluster, centred on the 
primary myotube, in the order of their formation. This sequence will enhance the likelihood of 
a preterminal division of the la containing segregated dynamic and static pacemakers. 
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Figure 1. A: Population density plot showing all the responses to trapezoidal stretch, averaged in 
200ms bins, during static ( R § ) , dynamic (RJJ), and combined static and dynamic (RQ) fusimotor stimulation. 
Average stimulation rates were approximately 100Hz in each case. B: Schematic representation of the 
calculation of the coefficient of interaction (C,), as formally defined in the text, for the three representative bins 
(3, IS and 35) shown in A. 
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Table l.Mean coefficient of interaction ... . (Cj) and the number of nodes in the minimum path lengths 
(nMPL) for dynamic and static pacemaker interactions in cat tenuissimus primary endings. 
experiment/spindle Ci nMPL experiment/spindle Cj nMPL 
266/2 0.66 1 258/3 0.17 5 
262/4 0.33 5 269/9 0.17 8 
270/11 0.31 3 269/4 0.17 9 
258/2 0.30 3 261/1 0.16 6 
270/4 0.24 5 258/12 0.15 4 
264/9 0.22 6 264/3 0.14 9 
258/11 0.20 2 269/11 0.11 9 
262/10 0.19 6 266/5 0.11 8 
269/11 0.17 9 270/1 0.07 6 
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INTRODUCTION 
Histophysiological experiments using the superficial lumbrical muscle of the cat 
have provided the opportunity to analyse the structure of a large number of spindles 
(Decorte et al., 1986). This muscle was initially chosen because of its small size, spindle 
content and known motor-unit properties (Emonet-Denand et al., 1988). 
Compared with the classical picture of the spindle, derived principally from 
tenuissimus, superficial lumbrical spindles show several important differences. In particular, 
a high proportion of lumbrical spindles possess long chain fibres (71% of poles, Decorte et 
al., 1987) and greater individual variability in the number of bag fibres present (Decorte et 
al., 1990). 
Here we present further original features of superficial lumbrical (SL) spindles, 
emphasizing the importance of the bag] (b j) fibre, which is known to be innervated by 
both small (y range) and large (a range) motor axons. 
METHODS 
The observations are based on serial cryostat sections, stained to demonstrate 
ATPase activity for fibre typing. Details of the method are given in Decorte et al.. (1987). 
R E S U L T S 
The longest intrafusal fibre present was almost invariably a bj (26/30). The 
difference in length between bj (mean 3388um) and bag2 ip2\ mean 2320um) fibres is 
especially notable. In only one case was a £2 longer than a bj, whilst in two cases the 
longest fibre was a (long) chain. Mean diameters of each fibre type were measured at 
regular intervals. The b2 fibre was slightly smaller than the b / fibre at the equator, and 
chain (c) fibres were significantly smaller than both. All types progressively decreased in 
diameter from region A through B; 6? a n ( * m o s t c fibres continued to decline through 
region C, whereas the mean diameter of long c fibres did not decrease further until beyond 
2000um from the equator. In complete contrast, the mean diameter of Ay fibres increased 
markedly at the start of region C, and then again declined steadily. The b j fibres therefore 
were normally not only the longest, but considerably the largest, intrafusal fibres in the 
extracapsular poles. 
In a tew spindles there was only a single bag fibre, which was more often bj (2/4 
complete spindles, or 7/11 poles) than is the case for similar spindles in tenuissimus. 
Perhaps related to this is the finding that in tandem-linked spindles continuous bag fibres 
were more often bj than which is again at variance to the familiar picture from 
tenuissimus. Some spindles appear to consist of two intrafusal bundles more or less 
conjoined so that the equator, and often one pole in addition are common to both. 
CONCLUSION 
Our observations add to the growing evidence that different muscles exhibit 
characteristic features of the structure and innervation of their proprioceptors. These are 
often of a statistical or quantitative nature, nevertheless they may be supposed to reflect 
adaptations to local control requirements. 
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An important, i f largely unrecognized, feature of the design of the mammalian 
skeletomotor proprioceptive system is the characteristic variation from muscle to 
muscle in the provision of its components. This applies not only to the relative 
abundance of muscle spindles, but also to quantitative differences in their sensory-
ending complement (Banks and Stacey, 1988). Furthermore, Banks (in press) has 
shown that there is a linear correlation between the numbers of static y and afferent 
axons supplied to each spindle, at least in the tenuissimus. Considerably more 
comparative information of this type is needed to contribute to a fuller understanding 
of the contribution that proprioception makes to particular motor tasks. Here we 
describe some preliminary observations on the innervation of the superficial lumbrical 
muscle of the cat's hind foot. 
SENSORY INNERVATION 
A sample of 53 teased, silver-impregnated spindles was analysed. The results 
from both 1st and 2nd superficial lumbrical muscles were combined, since there 
appeared to be no differences between the two parts. The spindles contained 55 
primary (P) endings, two of which occurred singly in small, tandem-linked units that 
probably consisted only of bag 1 (bj) and chain (c) fibres. All of the remaining units 
had the full complement of intrafusal-fibre types, and almost all comprised single 
spindles, though a few were conjugated in parallel. In addition to a primary ending, 
each possessed from 0 to 4 secondary (S) endings with the following frequency 
distribution: P 23%; PS 55%; P2S 17%; P3S 4%; P4S 2%. Of the the 57 S endings 49 
were in the S \ position (next to P) and 8 in S2 (next to Si). 
It is clear that a single la afferent is both necessary and sufficient to maintain 
(and prbably to initiate) intrafusal-fibre differentiation. Any additional afferent axons 
are usually of group n and supply secondary endings, as is the case in the superficial 
lumbrical described here. The mean number per spindle of these additional afferent 
axons in a particular muscle seems to be an important controlled variable of 
mammalian sensorimotor systems, since it has a characteristic value for that muscle 
while varying between different muscles. The value for the superficial lumbrical is 
lower (1.08) than that of any of a sample of 7 hind limb muscles of the cat (range 1.22, 
peroneus brevis, to 2.72, popliteus) studied by Banks & Stacey (1988). Precisely 
which spindles receive secondary endings appears to be a matter of chance, since the 
frequency of occurrence of spindles with different complements of afferent axons can 
be fitted by probabilistic statistics. The mean number of additional afferents per spindle 
is used to estimate the statistical parameters (Banks & Stacey, 1988). In most cases the 
two parameters (w, p) of the binomial distribution are necessary to describe adequately 
the observed distributions, but when n is large and p is small the distribution 
approximates to Poisson. For the superficial lumbrical spindles that we have examined, 
binomial distributions with parameters n = 2,p = 0.54, or n = 3, p = 0.36 most closely 
approximate to the observed data. There are, however, insufficient degrees of freedom 
remaining after parameter estimation to test whether the theoretical distribution 
corresponding to either set of parameters differs significantly from the data. 
MOTOR INNERVATION 
The distributions of 131 intrafusal branches of motor axons within 29 poles of 
16 teased spindles (5 P, 8 PS, 3 P2S) have been determined as follows: to bag2 {02) or 
c or both, 56; to bj, 75. Despite the presence of a high proportion of long-chain (/c) 
fibres in superficial lumbrical spindles (Decorte et al., 1987) only 2 axons to Ic fibres 
showed characteristics of skeletofusimotor (P) innervation, a much lower incidence 
(0.13/spindle) than in tenuissimus (0.59/spindle; Banks, in press). Conversely the 
incidence of bj innervation (4.7/spindle) that appeared to be dominated by p i plates 
and thus, potentially, P innervation, was much greater than in tenuissimus 
(1.9/spindle). The P nature of some of this innervation was demonstrated by Barker et 
al. (1980). We have studied this innervation using serial, cryostat sections of combined 
cholinesterase and silver-gold impregnation (Pestronk and Drachman, 1978), 
interspersed with alkaline- and acid-preincubated ATPase for fibre-typing. Our 
observations confirm that it almost invariably supplies the b 7 fibre. 
The large majority (54/56) of the axons innervating ^ 2 and c fibres (separately 
or jointly) may be safely identified as purely fusimotor (y). Mean values of the number 
of these axons per spindle, for each of the different sensory complements, were: P, 2.9; 
PS, 4.0; P2S, 4.4. Corresponding values for tenuissimus are 1.7, 3.0, and 4.4 
respectively. A similar correlation between the numbers of afferent and y axons may 
therefore exist in both muscles, though the constant of proportionality may differ. 
CONCLUSION 
We conclude that the pattern of innervation of superficial lumbrical spindles, 
although qualitatively similar to that of tenuissimus, differs quantitatively in several 
important respects. It seems possible, even likely, that such characteristics vary 
independently between different muscles. 
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INTRODUCTION 
The abductor digiti quinti medius (adqm) is an intrinsic muscle of the foot which 
abducts the fifth digit. Despite its small size (about 30mg) it contains all the elements of a 
complete skeletomotor and fusimotor system. It may therefore provide a practical model for 
studying integrated fusimotor and skeletomotor activity under a variety of conditions. 
Morphological investigation of the innervation of the adqm muscle of the cat hind limb was 
carried out as an adjunct to electrophysiological studies. 
METHODS 
Five adqm muscles from 3 cats were prepared for silver impregnation and teasing 
according to the method of Barker and Ip (1963). 
One muscle was frozen in isopentane cooled with liquid-N2, cut transversely at lOum 
and reacted with antibodies raised against anti-tonic and anti-neonatal myosin (Rowlerson et 
al., 1985). 
One muscle was fixed with glutaraldehyde, embedded in Araldite resin and serially 
sectioned transversely at 1 and 5um. Sections were stained with toluidine blue for 30s on a 
hotplate. 
All specimens were observed using light microscopy. Whenever possible, the numbers 
and identification of intrafusal fibres were noted, as were the number and position of sensory 
endings and the distribution of motor axons. 
R E S U L T S 
Bag fibres were distinguished from chain fibres by their greater diameters. The two 
types of bag fibre were distinguished histochemically by the marked presence of tonic myosin 
combined with a virtually total lack of reaction against neonatal myosin in the bagi fibre, as 
has been previously found in triceps (Rowlerson et al., 1985). In the resin sections the bag2 
fibre had a more granular appearance than the bagi, had more elastic fibres surrounding its 
poles (Gladden, 1976). Also it often shared a capsular compartment with chain fibres. In the 
silver material the bag fibres were distinguished by the form of the sensory terminals and by the 
distribution of elastic fibres. 
Each muscle contained 3 to 6 spindles and 3 to 7 tendon organs. Additionally, the silver 
material contained 4 paciniform corpuscles. 
Table 1. Numbers of spindles and tendon organs observed using the various techniques 
Method Number of spindles Number of tendon organs 
immunohistochemistry 4 7 
toluidine blue 3 6 
silver 17 26 
total 23 37 
Spindles contained up to 2 bag] fibres, 4 bag2 fibres and 7 chain fibres, the highest numbers 
occurring in one spindle from the histochemical series that appeared to consist of two intrafusal 
bundles conjugated in parallel within the same capsule. This is a feature that has also been 
noted in the superficial lumbrical muscle (Banks et al., these proceedings). Only one spindle 
appeared to be a bjc unit. All 4 spindles studied by immunohistochemistry, 2 from the resin-
embedded material, and at least 2 from the silver were linked in series with tendon organs. The 
overall sensory complements of the latter two associations were: 
S3S2S1PS1S2S3-TO and TO-S2SiPS!S2-TO 
In the overall sample the sensory complements of the b jb2C spindle units were: 
P 2; PS 0; P2S 7; P3S 3; P4S 6; P5S 0; P6S 1. 
The mean number of secondary endings per spindle is 2.90. This is an unusually high average 
for a hind limb muscle, where mean values have previously been found to range from 1.08 in 
superficial lumbrical (Banks et al., these proceedings) to 2.72 in popliteus (Banks and Stacey, 
1988). 
In a preliminary physiological experiment we have separately recruited 4 la afferents 
and 2 paciniform corpuscles, recording spikes at two sites on the nerve supply to adqm so as to 
establish conduction velocities. 
Motor endings as seen structurally in the resin-embedded material, and as indicated by 
acetylcholinesterase activity in the immunohistochemical material were located in 
reconstructions. The great majority (about 94%) were intracapsular, although dynamic p 
innervation is known to occur regularly in this muscle (F. Emonet-Denand, personal 
communication). Motor axons are predominantly unmyelinated at spindle entry. 
CONCLUSION 
Although this preliminary structural analysis demonstrates that the muscle contains all 
the sensory complement expected in a hind limb muscle, there are certainly some unusual 
features, notably the high incidence of secondary endings, and the in-series arrangement of 
many spindles and tendon organs. 
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INTRODUCTION 
Nuclear chain fibres are classically regarded as being much shorter and thinner than 
bag fibres either bag] or bag2. However, Barker et al. (1976) noticed that some spindles 
possessed one or more chain fibres with unusually long poles, often of similar length to the 
bag fibres. As an estimate of the incidence of these 'long chain' fibres they assessed the 
proportion of spindles containing at least one chain-fibre pole that extended for more than 
1mm beyond the end of the capsule. Kucera (1980) formalised this practical criterion as a 
definition of a class of long chain fibres each of which possessed at least one long pole. 
Since that time long chain fibres have often been treated as though they formed a distinct 
type of intrafusal fibre with a specific static beta ( i s innervation (Kucera, 1982, 1984; 
Barker & Banks, 1986). Here we give evidence in detail of both static (3 and static y 
innervation of long chain fibres. 
METHODS 
Two methods were used to examine the motor innervation of tenuissimus muscle 
spindles which were obtained from previous work (Banks, 1981, 1991; Arbuthnott et al. 
1982; Sutherland et al. 1985; Boyd, 1986). these were silver staining and teasing of muscle 
spindles and serial sectioning of resin-embedded muscles. 
Tenuissimus muscles were silver stained and teased, according to the method of 
Barker & Ip (1963) and the motor innervation traced. In addition, seven adult cat 
tenuissimus muscles were glutaraldehyde fixed, resin embedded and serially sectioned in the 
transverse plane throughout at lum. Ultrathin sections were either taken every lOum 
throughout the sleeve region (Arbuthnott et al., 1982) when photographs were taken with 
the Zeiss 109 electron microscope at x8,300 and x20,000 enlarged x2.5, or were taken 
when a batch of lum sections ended in a motor ending. Motor innervation of the spindles 
was in all cases reconstructed. In several instances of each method the function of the 
motor axons had been determined. Fusimotor axons were classified as static or dynamic 
from the response of the primary sensory afferent to muscle ramp and hold stretches and 
ramp stimulation between 0 and 150 Hz. 
R E S U L T S 
The intrafusal distributions of all motor axons that supplied at least one long pole of 
a chain fibre are given in Table 1, which also includes 2 instances of long chain poles that 
received no motor innervation. The most frequent distribution (6/16, 38%) was to long 
chain poles only, but long chain poles could also be supplied in common with bagi, bag2 or 
other chain fibres. The common innervation with bagl fibres is particularly noteworthy. 
Specific examples in which physiological properties of the motor innervation were 
known are considered in more detail below. 
Table 1. Long chain fibre pole innervation. ys, p s were physiologically characterised static fusimotor 
axons. 
No innervation lch lch + ch lch + b 2 lch + b] total 
2 6 (lp\ s) 2 3 ( l y s ) 3 16 
(2 7s) 
Long chain fibre pole innervated by known static y axons 
In the spindle innervated by a known (3 axon, one chain fibre pole was long. The 
motor axon terminating on this long chain fibre pole had a conduction velocity of 85m/s 
and the primary sensory ending was driven, which is characteristic of static P axons (Jami et 
al., 1985). The two endings on this long chain fibre pole were p] plates 15um apart and 
positioned inside the B region of the capsule. 
Long chain fibre poles innervated by known static y axons 
In the specific example described here in which the spindle was reconstructed from 
serial sections there was a chain fibre both poles of which were long. The motor innervation 
of these poles was totally contained within the spindle capsule sleeve. One static fusimotor 
axon (Y2Q, where 20 refers to the conduction velocity of the axon in m/s) terminated only 
on the proximal long chain fibre pole. On stimulation, this axon drove the primary sensory 
ending. A second static motor axon ( y 1 8 ) had an ending on the distal long chain fibre pole 
but also terminated on the bag2 fibre in this pole. This axon showed bag2 effects combined 
with some chain involvement (Boyd & Ward, 1982). 
The form of the motor endings on each long chain pole was different. One was of 
the simple type and one of the complex type, as determined by Arbuthnott et al. (1992). 
The motor endings of the axon terminating on both bag2 and long chain fibre poles were 
similar and of a simple type, i.e. axon terminals lying on a smooth post-synaptic muscle 
membrane. The motor ending on the proximal long chain fibre pole was complex, i.e. the 
post-synaptic muscle membrane was protruded into 'fingers', the axon terminals lying on or 
between these protrusions. 
CONCLUSIONS 
A long chain pole can be innervated by gamma or beta motor axons, and the 
incidence of long chain poles cannot be used to estimate the incidence of static beta 
innervation. 
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Introduction 
Musle spindle la afferents often show 
'driving', the tiring of action potentials 
time-locked to the stimulus pulse, during 
static fusimotor stimulation. Driving Is 
thought to be caused by rapid unfused 
contractions of nuclear chain fibres. 
In order to give a more quantltive 
account ol the mechanisms Involved In 
driving, a model study was conducted 
based on detailed mathematical 
discriptlons of both mechanical events 
and ionic events. 
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Methods 
The mechanical model simulated the 
process ol force production, using 
equations describing this process lor 
type II exlrafusal muscle libre (Often, 
1987). 
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Stimulation pulses at 70 Hz. cause an 
unfused tetanus. The final lorce fluctuates 
at the stimulation Irequency with an 
amplitude of 5% of the total force level. 
The sensory ending Is slretched by the 
contracting fibre. The sensory 
' elongation is tranduced inlo a 
depolarising conductance, proportional 
to the amount ol sensory elongation. 
Note the remaining 5% oscillation. 
The conductance Is used as an input for 
Ihe ionic model, which generates action 
potentials. The ionic model Is based on • 
Frankenhaeuser-Huxley equations. A sit 
K-channel (t = 70 ms) was added to enai 
low Irequency repltitive firing. II also 
causes spike Irequency adaptation alter 
step change. 
nan 
Results 
Experiment Experiment 
ixperimental data (cat, peroneus lertius) 
rom Boyd et al. (1985) shows that the Initial 
nuscle length can alter the driving pattern. 
:2 (top left), 1:1 (top right, bottom led) and 
rregular firing occur at resp. minimal, 
itermedlate and maximal physiological 
nuscle lenglhs. 
All driving patterns could be reproduced 
with the model by ad|usllng the level ol 
Input conductance. The Irregular firing 
occurs when the average afferent firing rate 
exceeds the stimulation (requency. 
f 
I 
i l SO 
••Vsiis.' 
Frequencygrams (Bessou et al.,1968) were 
constructed from the model responses. 
Irregular firing (above stimulation Irequency) 
forms a pattern In the frequencygram which 
resembles the Intrafusal contraction. 
Irregular firing due to random noise will 
show no pattern. 
Ponitmufus tin** (mil 
The Irequencygram of experimental dala 
(cat, soieus) recorded during an 8 mm 
ramp and hold stretch with static 
fuslmolor stimulation is comparable to 
that ol the model. 
Model 
'he hypothesis that Ihe Irequencygram 
effects the contraction dynamics or Ihe 
hain libre was lasted with the model 
crosses). 
Vhen Ihe amplitude ol the mechanical 
isclllallon is doubled, Ihe modulation In 
he Irequencygram increases (open 
circles). 
lemoving the slow K-channels reduces 
he modulation (closed circles). Therefore 
he frequencygram also reflects Ionic 
nechanlsms. 
• '00 
s a 
PtHI&timulus lima ( T i l l 
The Irregular firing pattern caused by the 
mechanical oscillation Is enhanced by the 
slow potassium conductance. In other 
words, Ihe process ol spike Initiation Itself 
Is sensitive to dynamic changes In receptor 
potential. 
Discussion 
Small oscillations of the sensory 
elongation (514) can cause different 
patterns of driving. 
The type ol driving Is determined by the 
average afferent firing rate, which In turn 
Is determined by the average amount ol 
sensory elongation. 
The observation (Boyd et al, 1985) that 
stable 1:1 driving can occur at all 
muscle lengths, can only be explained 
by the present model by assuming lhat 
the change in sensory elongation Is 
small. 
Possibly a transducer process sensitive 
to dynamic changes Is needed to 
account lor this phenomenon. 
Conclusions 
The irregular firing pattern observed during chain fibre 
stimulation is a chaotic form of driving which is expressed 
when the average afferent firing rate is higher than the 
stimulus frequency. 
Driving is enhanced by the presence of a slow K-channel a: 
the encoder site. 
